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ABSTRACT
ANALYSIS AND FATE OF 2,6-DICHLORO-1,4-BENZOQUINONE IN REAL AND
MODEL DRINKING WATERS
FEBRUARY 2022
AARTHI MOHAN, B.E., ANNA UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor David A. Reckhow

For many years chlorination has served as a barrier to protect human health from
waterborne disease outbreaks. Chlorine is viewed as a near-universal oxidant and disinfectant,
that provides a stable residual preventing microbial re-growth all the way through the consumer’s
tap. Upon reaction with natural organic matter (NOM) however, it forms disinfection by-products
(DBPs) many of which are potent human carcinogens and therefore have been of research interest
since the 1970’s (Froese et al., 1999; Krasner et al., 2006, 1989; Richardson, 2003; Rook, 1976,
1974; Singer, 1994). The trihalomethanes (THMs) and haloacetic acids (HAAs) are the most
prevalent (Krasner et al., 1989) and routinely monitored and, the only ones regulated by the
United States Environmental Protection Agency (USEPA) (80 ppb for THMs and 60 ppb for
HAAs) (USEPA, 2006). The focus has recently shifted to the emerging DBP classes over
concerns of even higher toxicity, carcinogenicity and mutagenicity (Bull, 1982; Hrudey, 2009;
Plewa et al., 2004a, 2004b; Richardson et al., 2007).
Halobenzoquinones (HBQs) are emerging DBPs that are postulated drivers of bladder
carcinogenicity. Prior assessments of 2,6-dichloro-1,4-benzoquinone (DCBQ) occurrence in
drinking water distribution systems have revealed a gradual decline with increasing distance from
points of entry. While this signals a degradation pathway, there is limited quantitative data on rate
of that degradation. A systematic evaluation of DCBQ hydrolysis was performed, resulting in a
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rate law that is first order in both hydroxide [OH-] and [DCBQ]. The impact of temperature on
that rate was characterized according to the Arrhenius relationship. Under the conditions tested
(pH~7.2, T = 20 °C) chloramine did not significantly impact DCBQ concentrations. However,
DCBQ was rapidly degraded in solutions containing free available chlorine (FAC). Kinetic
analysis showed non-integer order with respect to FAC. Further investigation led to a model that
invoked reaction with dichlorine monoxide (Cl2O) as well as FAC.
Such fast degradation of DCBQ, in the presence of free chlorine seem incompatible with
the high concentrations reported for this emerging disinfection by-product in many drinking water
distribution systems. In an effort to reconcile these two, a series of laboratory experiments and
field tests was conducted. These eventually focused on evaluating the use of formic acid alone as
a preservative without use of a conventional reducing agent. Formic acid was found to
inadequately reduce free chlorine, resulting in persisting chlorine residuals during sample workup
and analysis. The low pH used for sample preservation along with a free residual appeared to
catalyze additional DCBQ formation provided that organic precursors were still present in the
sample. This led to large errors and positive analytical bias. For future testing, the recommended
protocol calls for addition of either glycine or arsenite followed by formic acid. Studies published
without fully quenching chlorine residuals should be regarded with caution.
Little is known about the nature of HBQ precursors or about strategies for minimizing
HBQs formation. Through a controlled laboratory study using solutions of pure natural organic
matter (NOM) model compounds, phenolic structures containing activating -OH group with
vacant ortho/para positions were determined to be plausible precursors to DCBQ, the most
common of the HBQs. Almost all of the reactions proceeded through a 2,4,6-trichlorophenol
pathway. Chlorination experiments conducted on a raw water and two relatively high DCBQ
yielding p-hydroxy aromatic molecules (p-hydroxybenzoic acid and its aldehyde) revealed similar
DBP trends. In each case, the rank order of resulting DBPs is: trichloroacetic acid> chloroform>
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dichloroacetic acid> DCBQ. The same solutions were subjected to preoxidation using ozone (O3)
and chlorine dioxide (ClO2) at three different doses followed by chlorination. Both strong
oxidants successfully decreased the tendency of the model compounds to produce DCBQ upon
subsequent chlorination, however some increases in regulated DBPs were noted. When working
with raw waters pretreatment with ClO2 resulted in about 35% less DCBQ after chlorination,
whereas no impact was observed for O3. Such differences between preoxidant effectiveness in the
raw water and model compound solutions can be attributed to the inhibiting effect of the raw
water matrix and therefore very high doses are required for considerable DCBQ precursor
removal in raw waters with high specific ultraviolet absorbance (SUVA254) values.
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CHAPTER 1
HYDROLYSIS AND CHLORINATION OF 2,6-DICHLORO-1,4-BENZOQUINONE
UNDER CONDITIONS TYPICAL OF DRINKING WATER DISTRIBUTION SYSTEMS1

1.1 Introduction
Modern drinking water treatment processes have been successful at minimizing health
hazards through disinfection using oxidants such as chlorine, chloramine, chlorine dioxide,
ozone, and their combinations. Reactions between disinfectants and organic (natural organic
matter (NOM) and anthropogenic organics) and/or inorganic (bromide and iodide) compounds in
water produce diverse groups of undesired compounds called disinfection by-products (DBPs).
Even though ~ 600 DBPs have been identified in treated drinking water, trihalomethanes (THMs)
and haloacetic acids (HAAs) are the only ones regulated by the United States Environmental
Protection Agency (USEPA) (Boorman et al., 1999; Richardson, 1998). Since they constitute
only ~ 25 % of the halogenated DBPs by concentration (Krasner et al., 2006) and do not account
for the extent of bladder cancer risk observed in existing epidemiological surveys (Bull, 1982;
Hrudey, 2009), there is intense interest in characterizing the unregulated DBPs.
Halobenzoquinones (HBQs) are considered high-priority DBPs (Qin et al., 2010; Zhao et
al., 2010) due to their suspected role in bladder carcinogenicity (Bull et al., 2006). Of the four
HBQs that have previously been confirmed as DBPs, 2, 6-dichloro-1, 4-benzoquinone (DCBQ)
was most abundant in treated drinking water with concentrations generally higher in utilities
using free chlorine for disinfection (Zhao et al., 2012, 2010).
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Ever since DCBQ was first identified in drinking water in 2010, researchers have
published measured concentrations in public drinking water. At present, HBQ concentrations
from at least 63 treated water samples representing 21 treatment plants (8 free chlorine, 13
chloramine) within the US and Canada have been published. Of these, 34 were from plant
effluents and 29 from distribution systems (DS). Most of these occurrence studies were conducted
by Dr. Xing-Fang Li’s research group at the University of Alberta where the analytical protocols
for HBQs were first developed (Qin et al., 2010; Wang et al., 2016, 2014; Zhao et al., 2012,
2010). Three of the eight plants using free chlorine as a final disinfectant had DCBQ
concentrations from 136 to 275 ng/L whereas one (using ozone and chlorine) had much lower
values (7.5 and 4.2 ng/L in the DS). Data for the remaining four free-chlorine water treatment
plants (WTPs) showed up to ~14 ng/L DCBQ formation (Cuthbertson et al., 2020). The
remaining 13 plants all maintained a chloramine residual with mean DCBQ concentrations 14
ng/L (median: 9.6 ng/L) and 5.6 ng/L (median:4.7 ng/L) in the plant effluents and DS samples,
respectively. To the best of our knowledge, there are only three studies outside of the US and
Canada that reported DCBQ occurrence; one in Japan and 3 from China (Hu et al., 2020; Li et al.,
2021; Nakai et al., 2015a; Yu et al., 2019). For instance, DCBQ concentrations were in the range
of 8-51 ng/L in 24 free chlorine DS samples from 12 WTPs in Japan (Nakai et al., 2015a) and
16.7-20.5 ng/L in six local tap waters in China maintaining chloramine residual (Yu et al., 2019).
While 4-41 ng/L DCBQ was detected in 8 chlorinated tap water samples in China, 6-15.9 ng/L
DCBQ was detected in 4 chloraminated tap water samples (Hu et al., 2020). In a more recent
study (Tianjin, China) DCBQ concentrations in the range 3.1-24 ng/L were reported in a free
chlorine DS (Li et al., 2021).
While there is a clear need to further build upon the DCBQ occurrence data set to include
a larger number of drinking water systems, it is also quite important to evaluate the typical
lifetime of DCBQ in drinking water systems. Concentrations recorded in distribution system
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points of entry provide some information in this regard as well as the water age distribution, pH,
and disinfectant residual. All of these factors can play a role in the continued formation and
simultaneous degradation of this metastable DBP.
Many years of work on HBQs suggest a slow decline in DCBQ concentrations with
increasing distance from the point of entry (POE) (Qin et al., 2010; Wang et al., 2014). Complete
conversion of DCBQ into 3-hydroxy-2,6-DCBQ (OH-DCBQ), a stable hydrolysis product was
reported after 4-5 h at pH 9 in laboratory studies (Chuang et al., 2015). Some researchers have
also reported trace levels of OH-DCBQ in DS samples (Li et al., 2021; Wang et al., 2014). Early
laboratory studies indicated a half-life of DCBQ of about 6-7 hours in pH 7 buffered solutions
(100 mM phosphate buffer, 4 °C) (Zhao et al., 2010). Subsequent research by Cuthbertson et al.
(2020) revealed a >30 % decrease in DCBQ concentration in bottled water over a day, with ~20
% DCBQ still remaining after day 5. The temperature and pH conditions used in these
experiments are unclear. However, it is to be noted that typical pHs in bottled waters range
between 6.9-7.5 (Kulthanan et al., 2013). Note that DCBQ’s iodinated analogue, 2,6diiodobenzoquinone (DIBQ), which might be expected to exhibit similar hydrolysis kinetics was
relatively stable up to 9 hours in the same pH range (Hu et al., 2020). In a recent study of DCBQ
hydrolysis, the estimated DCBQ half-life at pHs 6-8 was found to be about 21-28 h (Li et al.,
2021). Inconsistencies between the very limited studies on DCBQ stability will certainly hinder
attempts at exposure assessments for this important DBP.
Substantial uncertainties also exist around changes in HBQ concentrations under the
impact of temperature changes which can inform seasonal variations as well as HBQ fate in say,
premise plumbing. Water heaters can cause very substantial increases or decreases in DBP
concentrations and thereby impact human exposures. Studies in homes with both tank and
tankless water heaters have shown large increases in some DBPs such as THMs and
halonitromethanes (HNMs), while decreases are seen for others such as halonitriles (Liu and
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Reckhow, 2015, 2013). Some authors have argued for routine DBP monitoring to include hot
water samples (Liu and Reckhow, 2015, 2013) because of the perceived greater vulnerability to
DBPs through dermal and inhalation exposure (Backer et al., 2000; Maxwell et al., 1991; Nuckols
et al., 2005; Whitaker et al., 2003). Nevertheless, almost nothing is known about temperature
impacts on HBQ concentrations.
Fast degradation of DCBQ along with other HBQs over the course of a day, was recently
reported in a chlorinated tap water (~0.2 mg-Cl2/L, neutral pH) (Cuthbertson et al., 2020).
Moreover, in other studies where DCBQ formation potential was the prime focus, researchers
noted degradation of > 90% of the DCBQ after just 1 hour of contact with free available chlorine
(FAC) (pH 7, 20 °C, 1.1 mg Cl2/L) (Kosaka et al., 2017; Nakai et al., 2015b). The organic
products of the reaction of chlorine with HBQs is not well known. Certainly, halogenated
benzoquinones may form aliphatic DBPs (THMs, HAAs) via a ring cleavage mechanism (Hu et
al., 2020; Jiang et al., 2020; Pan and Zhang, 2013; Zhai and Zhang, 2011). On the other hand,
chloramination reactions with DCBQ are expected to yield haloacetamide and haloacetaldehyde
(total yield < 15%) through intermediates trichlorobenzoquinone, tetrachlorobenzoquinone and
2,3,5,5,6-pentachloro-6-hydroxy-cyclohexa-2-ene-1,4-dione (Chuang et al., 2015; Heasley et al.,
2004; Zhao et al., 2012). A methodical kinetic investigation of iodo-HBQ degradation by
chloramine was conducted with proposed end products being their aliphatic counterparts (THMs,
HAA, haloacetonitriles, haloacetamides) (Hu et al., 2020). Similar studies related to DCBQ are
not available. Whether or not any of these subsequent products are more toxic than the HBQs has
yet to be determined.
The ultimate focus of this study was to systematically study DCBQ degradation under select
conditions that are representative of drinking water distribution systems. The goal was to develop
kinetic rate laws that could be used in modeling HBQ concentrations and as tools for exposure
assessments.
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1.2 Materials and Methods
1.2.1

Chemicals
Pure DCBQ (98 % purity) was purchased from Sigma-Aldrich (St. Louis, MO).

Laboratory grade water generated by a Milli-Q Gradient system (Millipore Sigma, Burlington,
MA) was used across all experiments. Methanol (LCMS grade), formic acid (LCMS grade),
sodium chloride (NaCl, ACS grade, crystalline) and sodium nitrate (NaNO3, ACS grade,
crystalline) were purchased from Fisher Scientific (Fair Lawn, NJ). Formic acid (ACS grade) was
obtained from Alfa Aesar (Ward Hill, MA). A 1M phosphate buffer stock was prepared for use in
experiments using sodium phosphate monobasic, monohydrate and sodium hydroxide solution
(50 % w/w) both purchased from Fisher Scientific (Fair Lawn, NJ). pH adjustments were
performed using solutions of sulfuric acid or sodium hydroxide (50 % w/w) purchased from
Fisher Scientific (Fair Lawn, NJ). Sodium arsenite used as a quenching agent for the
determination of chloride [Cl-] in commercial sodium hypochlorite stock (NaOCl, 5.65-6 %),
both of which were purchased from Fisher Scientific (Fair Lawn, NJ). Ammonium chloride for
monochloramine stock preparation was obtained from Fisher Scientific (Fair Lawn, NJ).
1.2.2

Chromatographic Analyses
It is noteworthy that most DCBQ studies to date have employed liquid chromatography

(LC) with negative electrospray ionization (ESI-) mass spectrometry (MS) based detection except
one which used a gas chromatography electron capture detection technique (Yu et al., 2019).
Here, DCBQ was analyzed via direct injection (no extraction) using ultra-performance liquid
chromatography tandem mass spectrometry (UPLC/MS/MS) (Acquity UPLC I-class plus and
Xevo TQ-XS, Waters Corp., Milford, MA). Chromatographic separation was performed using a
C18 column (Acquity BEH C18 (50 X 2.1 mm,1.7 μm), Waters Corp., Milford, MA) on the
UPLC/MS/MS operated under ESI- condition and multiple reaction monitoring (MRM) mode.
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Acidified (0.25 % FA) water (A) and methanol (B) were used as mobile phase and the gradient
program was slightly modified from a prior published method (Zhao et al., 2010). A brief
summary of all analytical conditions is provided in Appendix A, Section S1. Hydroxylated
product (OH-DCBQ) was monitored using ultra-performance liquid chromatography (UPLC)
time of flight mass spectrometer (Q-ToF MS) (Acquity UPLC with a Xevo G2-XS QTof MS,
Waters Corp., Milford, MA) (Section S1). The DCBQ concentrations in all experiments were
calculated using calibration curves generated from standards in acidified water (0.25 % v/v FA).
The instrumental precision calculated as percent relative standard deviation of 7 replicate
measurements of a 6 ng/mL DCBQ standard was ~2.4 %. The approximate instrumental detection
limit (no extraction) for DCBQ was ~ 0.5 ng/mL (Students’ t-value (n-1,1-α=0.99) x standard
deviation). Analysis blanks were included in order to ensure no contamination occurred during
analytical runs.
1.2.3

Kinetic Experiments
Primary DCBQ stock solutions (~2 mg/mL) were prepared in methanol, stored at 4 °C

and carefully monitored for signs of degradation prior to beginning experiments. Unless
otherwise specified, all test solutions were prepared in laboratory grade water ([phosphate buffer ]
= 10 mM) with pH adjustments performed using solutions of sulfuric acid or sodium hydroxide as
needed. pH was measured on all solutions at 25 °C. Differences in pH due to changing
temperature was assessed in accordance with standard thermodynamic principles and determined
to be minor ( ≤ 0.035 log unit difference). Since DCBQ is only moderately soluble in water,
methanolic stock solution was spiked in buffered solutions such that the initial DCBQ
concentration was in the range ~2.3 (±0.7) μM. The final methanol content in experiments was
controlled to ≤ 0.03 % (v/v). Control experiments were conducted under select conditions that
ensured minimal impact of methanol in spiking solutions on observed kinetics (Appendix A,
Figure S1).
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Temperature controlled hydrolysis studies were conducted at 10, 20 and 40 °C (±2 °C) in
the UPLC sample chamber (in the dark), with samples injected at regular intervals into the
UPLC/MS/MS over a ~7 hour test period. The time to first injection was set at < 1 min.
Chloramine impact on DCBQ decay was studied for one concentration only (~2.5 mg/L Cl2).
Preformed monochloramine was prepared by mixing NaOCl and ammonium chloride to give a
chlorine-to-nitrogen ratio of 0.8:1, with the pH adjusted to 8.5 before application.
For better understanding of DCBQ persistence in chlorinated DSs, time-based DCBQ
measurements were made at pH~7 ([phosphate buffer] ~10 mM) in the presence of different FAC
concentrations (0.25-2.5 mg/L Cl2), at ambient room temperature (~22 °C). Minimal photolysis
was ensured by conducting experiments in the dark and in amber glass bottles. At prescribed
reaction times, an aliquot of the sample was preserved using 0.25 % FA for chromatographic
analysis. Reasons for not conducting these tests using consecutive UPLC/MS/MS injections
similar to hydrolysis tests will be discussed in a later section.
DCBQ degradation was also evaluated in the presence (~1 mg-Cl2/L) and absence of
FAC (control) under varying ionic strength (1- 100 mM using NaNO3) and [Cl-] (1-100 mM
using NaCl) concentrations at pH 7 ([phosphate buffer] ~ 10 mM). For the [Cl-] fortification
experiments, ionic strength was held constant by varying the NaNO3 levels such that
[NaCl]+[NaNO3] = 100 mM. For all degradation tests, pH drift was less than 0.05 units over the
full time span of the experiments and DCBQ measurements. Working NaOCl and preformed
monochloramine solutions were prepared daily before DCBQ chlor(am)ination experiments.
1.2.4

Other Measurements
In DCBQ chlorination experiments, residual free chlorine was measured over time using

a portable diethyl-p- phenylenediamine (DPD) colorimeter (Hach Company, Loveland, CO). The
DPD titrimetric method (APHA, 1998) was used to standardize monochloramine stock solutions.
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Actual [Cl-] measurements in working FAC solutions were made using an ion chromatograph
similar to prior published approaches (Cherney et al., 2006; Lau et al., 2016). Briefly, the NaOCl
stock was standardized using a DPD method (APHA, 1998) and a series of dilutions of this stock
(0.56 – 16.5 mM) were prepared using laboratory grade water. Immediate conversion of FAC to
Cl- was initiated using molar excess of sodium arsenite. Measurements were carried out using an
anion column (Metrosep A supp 5-250/4) on an IC (Metrohm 850 Professional IC) using aqueous
eluents: 1 mM sodium bicarbonate and 3.2 mM disodium carbonate. Final Cl- concentration in
FAC solutions was calculated as [Cl-]total - [FAC]initial. Such an approach minimizes potential
errors or interferences in [Cl-] measurements due to on-column conversion of FAC to Cl-.
1.2.5

Data Modeling

Sigma Plot (V 13.0; Systat Software, San Jose, CA) was used for all regression analyses.
Determination of pseudo-first order rate constants (kobs) were performed using linear regression
while second order rate constants for chlorination species were estimated using a non-linear least
squares regression by minimizing the sum of the squares of the deviations between the measured
and predicted DCBQ values.

1.3 Results and Discussion
1.3.1

Influence of pH on DCBQ hydrolysis
Preliminary evaluation of DCBQ degradation over a wide pH range (2.7-11) was

conducted using the following buffers: phosphate for pH 2.7, citrate for pH 3.5, acetate for 5.5,
phosphate for pH 6.7-7.2, borate for 7.8-9 and carbonate for pH 11. DCBQ solutions at acidic
pHs (2.7-6.7) exhibited no measurable loss over short reaction times (about 3.3 hrs.) (data not
shown). These observations support prior reports of little or no hydrolysis under acidic conditions
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(Cuthbertson et al., 2020; Li et al., 2021; Qin et al., 2010). Alkaline conditions (pH ~11) resulted
in degradation of DCBQ that was too rapid for our methods to accurately measure. Therefore,
these pHs were excluded from further analysis and only DCBQ degradation profiles at mid-range
pHs (7.2-8.5) were further investigated. A series of temperature-controlled laboratory
experiments were conducted in the absence of any disinfectant residuals with initial DCBQ
concentration of 1.8±0.2 µM in 10 mM phosphate buffer test solutions (pH 7.2-8.5). Samples
were incubated at 10, 20 or 40 °C (± 2 °C) in a thermostatic-controlled autosampler and analyzed
periodically for residual DCBQ.
Exponential decrease in DCBQ concentrations (i.e., log-linear) indicates a rate law that is
first order in DCBQ (Figure 1.1). Additionally, a logarithmic plot of rate against averaged DCBQ
concentration resulted in a slope of ~1 further confirming this first order relationship (Appendix
A, Figure S2). As can be inferred from Figure 1.1, rate of DCBQ degradation increased with
increasing pH and temperature.
Based on a linear model of the dependency of first-order rate constants on hydroxide
(OH-) concentrations, hydrolysis of DCBQ could be treated as first-order in [OH-] regardless of
pH or temperature (Figure 1.2A). Based on the data presented, the following pseudo-first order
rate law is proposed, to simulate variations in typical drinking water conditions:

𝑟= −

𝑑[𝐷𝐶𝐵𝑄]
= 𝑘𝑜𝑏𝑠 [𝐷𝐶𝐵𝑄]
𝑑𝑡

𝑘 𝑜𝑏𝑠 = 𝑘𝑂𝐻 [𝑂𝐻 − ]
where,
r is the rate of loss of DCBQ by hydrolysis—M s-1
kobs is the observed or pseudo first order rate constant —s-1
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(1)

(2)

kOH is the second order hydrolysis rate constant—M-1 s-1
This first order dependency on [OH-] has been described elsewhere in a similar study conducted
at 22 °C (Li et al., 2021) which was in close agreement with our data collected at 20 °C (Figure
1.2A).

Figure 1.1. Natural-log plots of DCBQ degradation in the absence of free available chlorine.
Reaction conditions: [DCBQ]o = 1.8 ± 0.2 µM, [phosphate buffer] = 0.01 M. A window of ± 2 °C
was provided for temperature control. Measured (and theoretical) pHs by the end of the test
period varied by less than 0.035 units.

1.3.2

Temperature dependence of DCBQ hydrolysis
The rate of DCBQ hydrolysis increased with increasing temperature in accordance with

the Arrhenius relationship:
𝐸𝑎

𝑘𝑂𝐻 = 𝐴𝑒𝑥𝑝(−𝑅𝑇)
Figure 1.2B presents a plot of the linearized form,
ln(𝑘𝑂𝐻 ) = ln(𝐴) −
where,
T is the absolute temperature in Kelvin
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𝐸𝑎
𝑅𝑇

(3)

R (~8.314) is the universal gas constant in J/mol-K
Based on these data, the rate constant for DCBQ hydrolysis can be estimated as follows:
1

ln(𝑘𝑂𝐻 ) = −5137.4 (𝑇) + 21.972

(4)

As noted in Figure 1.2B, the value for kOH estimated from the kobs values reported by Li
and coworkers (2021) at pHs 6-8 at 22 °C was ~91 M-1s-1 (Li et al., 2021) which is nearly
identical to the predicted kOH at 22 °C using the above relationship (~96 M-1s-1). The resulting
temperature corrected hydrolysis model was a good indicator of the pH-dependent DCBQ
degradation (average R2 = 0.97, p<0.0001).
In contrast, our data do not agree very well with the findings of Qin et al., (2010). Figures
1.2 A & B show estimated kobs or kOH values based on their reports of a 6-7 hr half-life of DCBQ
at neutral pH (~7). This corresponds to a rate constant that is about an order of magnitude higher
than our model would predict. One difference between the two studies is the ten-fold higher
buffer concentration used by Qin (0.1 M phosphate vs 0.01M for our study). With an eye toward
possible general base catalysis, a set of experiments was conducted with phosphate buffers
ranging between the two values. Nevertheless, we were unable to detect any significant impact of
phosphate over that range on the observed hydrolysis rate (Appendix A, Figure S3).
In a companion study where OH-DCBQ was noted to be the most predominant DCBQ
hydrolysis product, concentrations increased with corresponding decreases in DCBQ
concentrations, which is in agreement with other studies (Appendix A, Figure S4) (Li et al., 2021;
Wang et al., 2014). Part of this data have been presented elsewhere (Hung et al., 2019). The
reader is referred to this paper for more details on the OH-DCBQ experiments. Impact of
temperature on these products was not investigated, however, existing information points to
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decreasing concentrations upon heating of OH-DCBQ (or halo benzenetriols) which have also
been detected as UV degradation products of DCBQ (Pei et al., 2018; Qian et al., 2013).

Figure 1.2. Temperature impacts on hydrolysis of DCBQ in the absence of free available
chlorine. Reaction conditions: [DCBQ]o = 1.8 ± 0.2 µM, [phosphate buffer] = 0.01 M. A window
of ± 2 °C was provided for temperature control. pHs varied by less than 0.035 units. Error bars
indicate 95 % confidence intervals of estimates. Solid diamond symbol in blue was estimated on
the basis that half-life of DCBQ at neutral pH is 6-7 hours (Qin et al., 2010, 4 °C). Data point in
upward triangle was obtained from Li et al. (2021) (pHs 6, 7 and 8, 22 °C).

1.3.3

Influence of free chlorine on DCBQ
Another likely fate for DCBQ in distribution systems is reaction with residual chlorine in

its various forms. In an effort to account for this loss pathway, DCBQ concentrations were
monitored in the presence of FAC at neutral pH (i.e., 7 ±0.05). While the average initial [DCBQ]o
was 2.42 ± 0.77 μM, FAC initial doses were varied between 0.25-2.5 mg Cl2/L (i.e., 2-14 times
the molar concentration of DCBQ). Replicate experiments and measurements were carried out
resulting in 4 sets of time-based DCBQ data for each chlorine dose (20 data sets in total) all tests
were conducted at ambient temperature (~22 °C) and shielded from light. Because DCBQ decay
was too fast particularly at higher FAC doses to be accurately captured by consecutive LC
12

injection, a sequential injection approach as used in the hydrolysis experiments was not used in
this case. Instead, sub-samples were withdrawn at precise times from a large volume of buffered
high-purity water containing DCBQ and chlorine. Each sample was immediately split; one
portion used for measurement of residual chlorine by DPD colorimetry and the other was
preserved using 0.25 % FA for subsequent DCBQ measurements (FA has been shown to protect
DCBQ from reacting with free chlorine) (Cuthbertson et al., 2020; Mohan and Reckhow,
unpublished work).
Surprisingly, while conducting DPD colorimetric test it was discovered that DCBQ
displayed an oxidizing tendency similar to FAC by transforming DPD amine into its crimson
colored free radical. Similar observations have been noted with p-benzoquinone in another study
(Criquet et al., 2015). The positive interference caused by DCBQ was nearly quantitative and
repeatable. Therefore, the measured free chlorine residuals across all experiments were corrected
for this interference with the help of a calibration curve for DPD response at various DCBQ
concentrations (Appendix A, Figure S5).
First order DCBQ kinetics was apparent from linear natural log [DCBQ] vs time plots
(Appendix A, Figure S6). A linear relationship between reaction rate against averaged [DCBQ]
([DCBQ]o varied between 0.7-5.3 μM) at a fixed FAC ~ 1 mg/L (14 μM) further supported the 1st
order assumption in DCBQ (Appendix A, Figure S7).
The resulting pseudo-first order reaction could be described as:
𝑟

𝐷𝐶𝐵𝑄 + 𝐹𝐴𝐶 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (𝑝𝐻 ~ 7, 𝑘𝑛 )
𝑟= −

𝑑[𝐷𝐶𝐵𝑄]
𝑑𝑡

= 𝑘𝑜𝑏𝑠 [𝐷𝐶𝐵𝑄]

(5)

kobs is the observed or pseudo first order rate constant determined using regressions of ln[DCBQ]
as a function of time—s-1
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Note that, particularly for the low chlorine dose experiments (e.g., 0.25 mg/L), the ln
[DCBQ] vs time data were divided into discrete linear segments for determination of kobs (Fig
S6). The presence of FAC resulted in rapid loss of DCBQ with the rate increasing with increases
in chlorine dose. Appreciable depletion of chlorine occurred especially at lower chlorine doses,
therefore the assumption of a constant chlorine residual (otherwise typical of pseudo-first order
conditions) was not made in order to minimize errors in rate constant estimates.
The reaction order in FAC was estimated under similar pseudo-first order conditions:
𝑘𝑜𝑏𝑠 = 𝑘𝑂𝐻 [𝑂𝐻− ] + 𝑘𝐹𝐴𝐶 ([𝐹𝐴𝐶])𝑛
𝑘 ′ = 𝑘𝐹𝐴𝐶 [𝐹𝐴𝐶]𝑛

(6)
(7)

where,
kFAC is the apparent rate constant and n is the reaction order in FAC. It has units of M-ns-1.
k' = kobs - kOH. [OH-] is the pseudo-first order rate constant for the reaction with chlorine at a fixed
pH —s-1
kOH is the hydrolysis rate constant —M-1 s-1
The log transform of this equation is:
𝑙𝑜𝑔 𝑘 ′ = 𝑙𝑜𝑔 𝑘𝐹𝐴𝐶 + 𝑛 𝑙𝑜𝑔[𝐹𝐴𝐶]

(8)

The log of all 30 observed values for k’ were plotted vs log [FAC] in accordance with the
above equation and fitted to a least-square regression line. The slope of this line was 1.32 ± 0.1
(error corresponding to 95% confidence level) (Figure 1.3A) and it corresponds to the reaction
order with respect to [FAC]. A value greater than and significantly different from 1 is evidence of
mixed first and second order pathways where reactive electrophilic chlorine species such as
bimolecular chlorine (Cl2) and dichlorine monoxide (Cl2O) might be contributing in addition to
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the predominant FAC species (HOCl and OCl-). These have often been disregarded in
chlorination studies and efforts to incorporate them in chlorination of phenols, cyclic alkenes and
select secondary amines have been undertaken for refinement of simple 2nd order rate laws (Lau
et al., 2019; Sivey et al., 2010; Voudrias and Reinhard, 1988a). In fact, a model assuming n = 1 in
FAC led to overprediction of DCBQ decay at low FAC doses and under-prediction at higher FAC
doses. The presumed 1:1 stoichiometric relationship between FAC and DCBQ was tested and
verified in order to eliminate the possibility that deviations from this stoichiometry were causing
the apparent mixed order kinetics (Appendix A, Figure S8).
Acknowledging a measurable role for a higher order chlorine species, the rate constant
can be amended as follows:
𝑘𝑜𝑏𝑠 = 𝑘𝑂𝐻 [𝑂𝐻 − ] + 𝑘𝐹𝐴𝐶 [𝐹𝐴𝐶] + 𝑘𝐶𝑙2 [𝐶𝑙2 ] + 𝑘𝐶𝑙2𝑂 [𝐶𝑙2 𝑂]
𝑘 ′ = 𝑘𝑜𝑏𝑠 − 𝑘𝑂𝐻 [𝑂𝐻 − ] = 𝑘𝐹𝐴𝐶 [𝐹𝐴𝐶] + 𝑘𝐶𝑙2 [𝐶𝑙2 ] + 𝑘𝐶𝑙2𝑂 [𝐶𝑙2 𝑂]

(9)
(10)

where,
kCl2O is the rate constant for Cl2O with DCBQ—M-1 s-1
kCl2 is the rate constant for Cl2 with DCBQ—M-1 s-1
While Cl2 and Cl2O residuals were not measured in this research, they can be calculated
from the FAC using the following ionic-strength corrected equilibrium relationships:
[𝐶𝑙2 ] = 𝑘𝑒𝑞,𝐶𝑙2 [𝐻𝑂𝐶𝑙][𝐶𝑙− ][𝐻+ ] log keq,Cl2 = 2.6, 25 °C, I = 26 mM (Wang and Margerum,
1994)
[𝐶𝑙2 𝑂] = 𝑘𝑒𝑞,𝐶𝑙2𝑂 [𝐻𝑂𝐶𝑙]2

log keq,Cl2O = -2.2, 25 °C, I = 26 mM (Sivey et al., 2010;

Voudrias and Reinhard, 1988b)
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The following studies were conducted to clarify the importance of the higher order chlorine
terms.

1.3.4

Impact of ionic strength and Cl- on DCBQ chlorination
The impact of ionic strength induced by varying NaNO3 concentrations, had no

appreciable effect on DCBQ decay by FAC up to 100 mM (Appendix A, Figure S9). With a view
to further assessing the significance of Cl2 term, independent experiments were conducted at
pH~7 by varying Cl- concentrations (1-100 mM Cl-) at fixed FAC dose of about 1 mg/L. For all
[Cl-] concentrations NaNO3 was added in order to maintain constant ionic strength constant (100
mM). These tests were particularly important because the NaOCl stock used in these experiments
contained Cl- levels at 1.45 times the molar FAC concentration (Appendix A, Figure S10). Also,
trace levels of Cl- (~0.001 mM) were detected in 10 mM phosphate buffers used across
experiments. At pH~7 Cl- addition did not significantly alter DCBQ chlorination rates (Appendix
A, Figure S9). Since higher chloride concentrations would result in elevated Cl2 levels at the
same FAC, the lack of a chloride affect suggests that bimolecular chlorine is not an important
reactant under these conditions. A log-log plot of rate vs the calculated [Cl2] resulted in a slope ~
0 further reinforcing the negligible contribution of Cl2 to DCBQ chlorination at pH~7 (Appendix
A, Figure S11). As a result, the Cl2 term could be eliminated and [Cl-] concentrations were
thereafter not considered in modeling.
The final simplified rate equation then becomes,
𝑟=

−𝑑[𝐷𝐶𝐵𝑄]
𝑑𝑡

= (𝑘𝑂𝐻 [𝑂𝐻 − ] + 𝑘𝐹𝐴𝐶 [𝐹𝐴𝐶] + 𝑘𝐶𝑙2𝑂 [𝐶𝑙2 𝑂]) [DCBQ]

𝑘 ′ = 𝑘𝐹𝐴𝐶 [𝐹𝐴𝐶] + 𝑘𝐶𝑙2𝑂 [𝐶𝑙2 𝑂]

(11)

And substituting for the equilibrium value for Cl2O:
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𝑘 ′ = 𝑘𝐹𝐴𝐶 [𝐹𝐴𝐶] + 𝑘𝐶𝑙2𝑂 𝑘𝑒𝑞,𝐶𝑙2𝑂 [𝐻𝑂𝐶𝑙]2

(12)

𝑘 ′ = 𝑘𝐹𝐴𝐶 [𝐹𝐴𝐶] + 𝑘𝐶𝑙2𝑂 𝑘𝑒𝑞,𝐶𝑙2𝑂 𝛼0 2 [𝐹𝐴𝐶]2

(13)

where αo is the fraction of FAC in the most protonated form (i,e., HOCl).
Estimates of maximum possible values for second order rate constants were obtained by
fitting k’ values against [Cl2O] or [FAC]. The phosphate buffer concentration was held constant
in all experiments at 10 mM, therefore impacts from phosphate buffer were not considered or
pursued further for DCBQ chlorination. In all cases the final methanol content (used as a solvent
vehicle) resulting from DCBQ spiking was ≤0.003 (v/v) and deemed not likely to induce any
significant cosolvent effects on observed rates (Schwarzenbach et al., 2002). The best fit
estimates of the second order rate constants kFAC and kCl2O were obtained using non-linear least
squared regression by application of a user defined function (f = a*x+b*x2 where f=k’, a=kFAC,
x=[FAC], b=kCl2O*keq,Cl2O). From this, the kCl2O estimate was almost 6 orders of magnitude greater
than kFAC (Figure 3B). The model fit was a good indication that the kinetics could reasonably be
described by a combination of the FAC and Cl2O pathways (R2 > 0.9, p<0.0001). Based on the
results in Figure 3B, we estimate the following values for the two 2nd order rate constants:
kFAC = 1.1 (0.2) x 102 M-1s-1
kCl2O = 5.6 (1.5) x 108 M-1s-1
There is virtually no published data on kinetics of DCBQ chlorination, however a few
studies do support rapid degradation through chlorination reactions (Cuthbertson et al., 2020;
Kosaka et al., 2017; Nakai et al., 2015b). To our knowledge, this is the first time Cl2O has been
implicated as an important reactant in the degradation of DCBQ. However, Cl2O has been
proposed as important in the degradation of simple organic compounds, some of which are
closely related phenols and halophenols (Lau et al., 2019, 2016). The 2nd order rate constants for
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Cl2O with phenol and 4-chlorophenol are 9.0 x 104 and 9.8 x104 M-1s-1, respectively. The rate
constants for these same two compounds with HOCl are 0.36 and 0.002 M-1s-1 (Gallard and von
Gunten, 2002). This results in a kCl2O/kHOCl ratio of 2.5 x 105 for phenol and 4.9 x 107 for 4chlorophenol. By comparison, the kCl2O/kHOCl ratio for DCBQ determined here (5 x 106) is
between these two values.
Identification of chlorination end products was beyond the scope of this study. OHDCBQ has been previously detected in free chlorine DS samples at concentrations equivalent to
DCBQ detected in WTP effluent samples (Wang et al., 2014). Cuthbertson et al. (2020) report
catalyzed conversion of HBQs to OH-HBQs in the presence of free chlorine by using 2,6dibromobenzoquinone as example. However, OH-DCBQ concentrations were not measured in
this chlorination study.

Figure 1.3. Reaction order plot and proposed first and second order constants for free available
chlorine (FAC) reactive species in DCBQ degradation at 22 °C and neutral pH ([phosphate
buffer] = 0.01 M). Observed data in solid symbols were obtained from analysis of Ln[DCBQ]
versus time plots at different FAC doses. Error estimates denote 95 % confidence intervals. Error
bars represent standard deviations of k' and FAC concentrations. Model: k' = kFAC[FAC] +
kCl2O[Cl2O], where k' = kobs - kOH[OH-]. kOH was estimated from Arrhenius relationship.
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1.3.5

Predictions
Figure 1.4A shows the predicted half-life for DCBQ at pHs 7-8 in the absence of free

chorine at temperatures up to 30 °C as well as the expected half-life with a 0.1 mg-Cl2/L FAC
residual at pH 7. Related calculations were all performed using the following relationship:
𝑡1/2(ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠) =

−ln (0.5)
𝑘𝑂𝐻 [𝑂𝐻 − ]

(14)

where,
𝑘𝑂𝐻 = 𝑒𝑥𝑝

1
(−5137.4 ( )+21.97)
𝑇

A summary of relative contribution of reactive species at typical drinking water DS
conditions (0.1-3 mg/L Cl2) is provided in Figure 1.4B. As can be seen, the role of Cl2O in DCBQ
degradation is expected to become significant as [HOCl] or [FAC] exceeds 1 mg/L since [Cl 2O]
∝ [HOCl]2. Therefore, ignoring the Cl2O pathway can result in large errors even under typical
drinking water conditions.
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Figure 1.4. Predictions based on modeled parameters. In figure (A), data point in solid diamond
represents the half-life (~6.5 h) as reported in Qin et al. (2010) at neutral pH 7 (4 °C, 0.1 M
phosphate buffer). Data point in upward triangle represents half-life based on rate constant
reported at pH 7 in Li et al., (2021). Solid circle represents the half-life in the presence of 0.1 mgCl2/L at pH 7. Arrows in (B) depict typical free available chlorine (FAC) doses used in utilities
(1-3 mg-Cl2/L) as well as distribution systems (0.1 - 2 mg-Cl2/L). kOH values were estimated
through Arrhenius relationship. Calculated kobs = kOH[OH-] + kFAC[FAC]+ kCl2O[Cl2O] where
kCl2O = 5.6 (±1.5) X 108 M-1s-1, kFAC = 1.1 (±0.2) X 102 M-1s-1

1.3.6

Influence of chloramine residual on DCBQ concentrations
Use of chloramines (or combined chlorine) in place of free chlorine provides a more

stable long-term residual and usually results in substantially lower concentrations of regulated
DBPs at the consumer’s tap. Likewise, DCBQ occurrence studies have noted lower
concentrations in utilities using chloramine compared to free chlorine. Although it is expected
that most of the DCBQ in chloraminated systems must be formed during the initial free chlorine
contact time preceding conversion to chloramines, it is unclear whether the detected low
concentrations may be attributed to shorter free chlorine reaction times or faster degradation in
the presence of chloramine residual. In order to clarify this, DCBQ stability in the presence of
chloramine was investigated. Through use of preformed chloramine solutions, DCBQ reaction
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with monochloramine was documented. Stability of DCBQ in the presence of a high
concentration of preformed chloramines (~2.5 mg Cl2/L) at pH~7.2 was studied through
consecutive LC injections of the test sample protected from light. This concentration was chosen
for consistency with the highest concentration used in the FAC experiments. DCBQ stability in
the presence of chloramines appeared similar to that from hydrolysis alone. Therefore, under the
conditions used in this study loss of DCBQ can be entirely attributed to hydrolysis. The
concentration of preformed chloramines did not significantly change over time. A linear plot of
natural log of [DCBQ] against time suggested a rate law that is first order in [DCBQ]. Assuming
a reaction that is first order in [chloramine], the estimated 2nd order rate constant (chloramination
rate constant KCA) was ~ 1 M-1s-1, which is close to the apparent rate constant (~1.18 M-1s-1 (4261
M-1h-1)) for the reaction of chloramines with DCBQ’s iodinated analogue, 2,6-DIBQ, at pH~7 and
20 °C (Hu et al., 2020).
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CHAPTER 2
DISCREPANCIES AND ARTIFACTS RELATED TO PRESERVATION AND
ANALYSIS OF THE DISINFECTION BY-PRODUCT 2,6-DICHLORO-1,4BENZOQUINONE2

2.1 Introduction
It has been nearly half a century since Rook (1974) published his findings on
trihalomethanes (THMs) in finished drinking water (Rook, 1974). Since that time, hundreds of
additional disinfection byproducts (DBPs) have been identified in public water supplies
(Richardson, 2011). Concern over DBPs has focused on a few endpoints such as bladder cancer
as postulated by epidemiological investigations. However, the most widely known and regulated
DBPs, the THMs and the haloacetic acids (HAAs) are not thought to be the main causative agents
(Bull, 1982; Hrudey, 2009).
In recent years, the halobenzoquinones (HBQs) have emerged as possible bladder
carcinogens of significance (Bull et al., 2006). This group of compounds has been increasingly
studied in part due to the emergence of analytical methods and the observed high frequency of
occurrence especially in utilities maintaining a free available chlorine (FAC) residual (Lou et al.,
2021; Mohan, 2015; Qin et al., 2010; Wang et al., 2014; Zhao et al., 2012, 2010). Among the
observed HBQs, 2,6-dichloro-1,4-benzoquinone (DCBQ) is the most prevalent, with studies
confirming its occurrence in swimming pools in addition to chlor(am)inated drinking waters
(Wang et al., 2013; Wu et al., 2019).

2
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The possibility of adverse health effects for DCBQ depend on its stability in drinking
water at time scales pertinent to distribution system (DS) residence times (or water ages). This
has led researchers to develop kinetic data that can help predict the levels of DCBQ that will
reach the consumer’s tap. The authors of a very recent DCBQ study observed significant
differences in rate constants between spiked commercial DCBQ in pure phosphate buffered
system (no FAC) and treated and DS waters with FAC residual (Li et al., 2021). For example,
DCBQ degradation rates in treated and DS samples at pHs 7-7.3 were close to hydrolysis rates in
buffered solutions at pHs as high as 8-9. The authors attributed such rapid degradation to the
inorganic ions or FAC residual in the real water samples, however, did not provide any
conclusive remarks except that mechanisms other than simple hydrolysis might be involved. Our
subsequent work established degradation rates for DCBQ under a variety of conditions typically
encountered in DS’s (i.e., pH, FAC concentration or, monochloramine concentration) (Mohan
and Reckhow, 2021). For example, at neutral pH (7.0) and in the absence of a disinfectant
residual, DCBQ is expected to undergo base-catalyzed hydrolysis with a half-life of about 22
hours (20 °C, 10 mM phosphate buffered system). This agrees well with the Li et al. (2021) study
(Li et al., 2021). While monochloramine was found not to be very reactive with DCBQ, we noted
high reaction rates in the presence of FAC. A portion of this reaction was attributed to the
presence of dichlorine monoxide (Cl2O) (Mohan and Reckhow, 2021). Our DCBQ chlorination
rates were in general agreement with two other studies performed at near neutral pH in the
presence of FAC (Cuthbertson et al., 2020; Kosaka et al., 2017).
The high rate of degradation of DCBQ in the presence of free chlorine seems to be in
conflict with published data showing high levels (100 ng/L or more) (Lou et al., 2021; Mohan,
2015; Qin et al., 2010; Wang et al., 2014; Zhao et al., 2012, 2010) of this compound across
distribution systems practicing free chlorination. As an example, consider a distribution system
that has a pH of 7 and constant FAC residual of 0.2 mg/L. The decomposition model predicts a
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half-life for DCBQ of about 30 minutes under these conditions. This means that DCBQ formed
quickly by reaction with chlorine would be essentially gone (48 half-lives) by the time the water
reached a point in the system that corresponded to a water age of 24 hours. Of course, DCBQ
formation probably continues out into the system, albeit at a slower rate, much like the formation
of THMs and HAAs do. If one presumes the relative changes in DCBQ formation during chlorine
contact time mirrors that of the THMs, we can use one of the well-tested power function models3
(Amy et al., 1998) to postulate DCBQ occurrence under scenarios where formation is
continuously occurring in the distribution system along with decomposition (Bull, 1982). This
exercise leads to the conclusion that about 99 % of the DCBQ formed will have been degraded by
the time the water reaches a 24-hr water age sampling point. Even taking the extreme case of a
constant DCBQ formation rate, rather than a decreasing one, the amount of DCBQ degradation
would have only dropped to about 97 %. This leads to two hypotheses: (1) DCBQ formation
really is 2 orders of magnitude higher than the instantaneous measured values from occurrence
studies, or (2) there is some systematic error in how free DCBQ is measured in distribution
systems that artificially elevates the concentration. This manuscript considers both hypotheses.
Protocols used for sample collection through analysis can sometimes result in serious errors and
misclassification of results. Compounds attributed to reaction of natural organic matter (NOM)
with both chlorine and ozone have previously been misidentified as novel DBPs due to analytical
artifacts (Campbell et al., 1987; Delaney et al., 2007; Dietrich et al., 1988; Kristiansen et al.,
1994; Wang et al., 1988; Xie and Reckhow, 1997, 1994, 1993). In some cases, these artifacts
were the result of interactions between the organic solvents used during solvent extraction or
derivatization in the presence of FAC, bromine or ozone. Although quenching residual oxidants is
highly recommended to avoid analytical artifacts, there is a need to ensure that the choice of

3

For this calculation we used a power function model with an exponential coefficient of 0.3 for
the term representing reaction time in hours. This value of 0.3 is typical of many DBP formation
models.
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quenching and preservation reagents is compatible with the analyte and the method. For instance,
cyanide can form during sample preservation which can subsequently react with DBPs leading to
errors or misinterpretation of results (Delaney et al., 2007). Such artifacts are well known in DBP
analysis, as is the lack of a universal reducing agent appropriate for all DBP classes (Kristiana et
al., 2014).
Whether or not existing methods for DCBQ can result in analytical artifacts has yet to be
fully evaluated. The authors of an early HBQ study argued for the absence of artifacts by showing
the absence of HBQs in a blank containing high-purity water with the method preservative (0.25
% formic acid) to which was added 1 mg/L FAC (Zhao et al., 2010). Such controls are important
and confirm the absence of HBQ formation by reaction of FAC with the preservative. Most other
HBQ studies (toxicity studies excluded) to date have included sufficient controls depending on
the nature of the study to ensure no contamination occurred during transport, pre-treatment, and
analysis. These include (un)acidified high-purity water, untreated source water, field blank, solidphase extraction (SPE) method blank, travel blank, analysis blank, alum blanks, chlorine blanks,
and membrane blanks (Cuthbertson et al., 2020; Diemert et al., 2013; Ge et al., 2018; Li et al.,
2021; Lou et al., 2019; Qin et al., 2010; Wang et al., 2014, 2013; Yu et al., 2019; Zhao et al.,
2010, 2012). As can be noted, these controls included either a combination of formic acid in a
precursor matrix (eg., NOM) or formic acid and chlorine, but not a mixture of all three (i.e.,
precursors, FAC and formic acid). Without including all three, it is not possible to conclude that
formic acid will not catalyze excess HBQ formation from precursors.
The vast majority of the existing studies on DCBQ have used methods that call for
addition of formic acid prior to analysis. Among other things, formic acid has been presumed to
adequately quench residual chlorine based on prior reports (Hoq et al., 1991; West and Rollefson,
1936; Worley, 2000; Yu et al., 2008) and, it was incorporated as a chlorine quench into some of
the most widely used methods for HBQs (Zhao et al., 2012). However, a few recent DCBQ
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occurrence and formation potential studies have supplemented formic acid with traditional FAC
reducing agents like glycine or ascorbic acid (Kosaka et al., 2017; Nakai et al., 2015a; Yu et al.,
2019). In fact, in one of these studies formic acid was reported not to have quenched FAC at all
(Nakai et al., 2015a). The possibility that chlorine residuals may not be fully quenched during
HBQ analysis requires further study as it may be a source of artifacts.
Aside from the question of quenching FAC, formic acid is important in DCBQ
measurements and preservation because of its ability to: (1) enhance electrospray ionization (ESI)
detection (Zhao et al., 2010), (2) minimize DCBQ hydrolysis by lowering pH (pH< 2.8)
(Cuthbertson et al., 2020; Mohan and Reckhow, 2021; Nakai et al., 2015a; Qin et al., 2010; Zhao
et al., 2010) and, (3) shield DCBQ from degradation by reaction with chlorination (Cuthbertson et
al., 2020; Mohan and Reckhow, 2021), apparently without chemically reducing the chlorine
altogether. Lowering pH to < 2.8 by the addition of formic acid both improves [M+H]- formation
for ESI detection as well as prevents hydrolysis (i.e., through OH- addition to the position
adjacent to =O forming 3-hydroxy-2,6-DCBQ (OH-DCBQ), a major DCBQ hydrolysis product
(Ge et al., 2018; Hung et al., 2019; Qin et al., 2010; Wang et al., 2014; Zhao et al., 2012, 2010).
For these reasons, it is not surprising that HBQs are only detected in samples acidified with
formic acid (Zhao et al., 2010). The mechanism enabling formic acid’s protective ability in the
presence of chlorine (# 3) is not completely understood. One possibility based on known FAC
chemistry (assuming formic acid does not reduce FAC) is that, at acidic pHs the predominant
species shift away from hypochlorite (OCl-) and to the more electrophilic forms, neutral
hypochlorous acid (HOCl), bimolecular chorine (Cl2) and cationic hypochlorous acid (H2Ocl+)
(Cherney et al., 2006; De La Mare et al., 1954; Deborde et al., 2004; Gallard and Von Gunten,
2002; Pinkston and Sedlak, 2004; Rebenne et al., 1996). The latter are less likely to react with
DCBQ, because of DCBQ’s electron withdrawing groups. To our knowledge, there are no studies
where rates have been determined for the reaction of DCBQ with these electrophilic chlorine
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species. However, all three of these neutral and cationic FAC species are known to be highly
reactive with aromatic structures found in NOM (Deborde and von Gunten, 2008) possibly
resulting in catalyzed DCBQ formation that is otherwise less likely at typical drinking water pHs
and NOM concentrations.
This research is intended to explore the two proposed hypotheses for reconciling
observed laboratory degradation rates of DCBQ with reported occurrence in distribution systems.
This work has led us to focus on the hypothesis that formic acid does not reduce FAC, but rather
it catalyzes the formation of additional DCBQ in samples that contain residual chlorine and NOM
with DCBQ precursor structures.

2.2 Experimental Methods
2.2.1 Reagents and Chemicals.
Pure 2,6-DCBQ (98 %) was purchased from Sigma-Aldrich (St. Louis, MO). Formic acid
(ACS and LCMS grade) was purchased from Alfa Aesar (Haverhill, MA) and Fisher Scientific
(Fair Lawn, NJ) respectively. For the DCBQ formation potential (FP) experiments, p-hydroxy
lignin phenols such as p-hydroxybenzoic acid (99 %, pHBAc) and p-hydroxybenzaldehyde (98
%, pHBAl) were both purchased from Sigma-Aldrich (St. Louis, MO). For phosphate buffer
preparation, sodium phosphate monobasic, monohydrate and sodium hydroxide solution (50 %
w/w) were both purchased from Fisher Scientific. Wherever required, adjustments to pHs were
made using solutions of sulfuric acid (H2SO4) or sodium hydroxide (NaOH) both purchased from
Fisher Scientific. Other chemicals including hydrochloric acid (HCl, certified ACS plus), acetic
acid (CH3COOH, glacial, certified ACS), methanol (LCMS grade) and commercial sodium
hypochlorite (NaOCl, 5.65-6 %) were obtained from Fisher Scientific. Quenching agents: sodium
arsenite, anhydrous sodium thiosulfate, sodium sulfite (certified ACS crystalline) and glycine
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(certified ACS crystalline) were also purchased from Fisher Scientific while ascorbic acid (ACS
grade) was acquired from Acros Organics (Fair Lawn, NJ). For laboratory generation of
preformed monochloramine, ammonium chloride was obtained from Fisher Scientific.

2.2.2 DCBQ chlorination study in DS matrix.
A DS sample (pH 6.8) with FAC residual was collected from a consumer’s tap in the
north-east US (designated NE-DS samples). A laboratory buffered solution ([phosphate buffer]~
10 mM, pH 7.05) with and without ~ 1 mg/L added FAC was included to evaluate any impact
from the DS matrix on DCBQ chlorination and monitor impacts from OH- driven (FACindependent) hydrolysis respectively. Stock DCBQ prepared in methanol was spiked at trace
levels 40 ng/L and 225 ng/L in the NE-DS water and laboratory buffered solutions respectively.
Note that these concentrations are about 1000 times lower than the initial DCBQ concentrations
used in a prior study where a DCBQ chlorination model was first developed (Mohan and
Reckhow, 2021). At the time of DCBQ spiking, the NE-DS water contained about 0.4 mg/L FAC.
At prescribed FAC contact times an aliquot of the sample was acidified using 0.25 % formic acid
to protect DCBQ from hydrolysis and chlorination reactions while another subset was used to
monitor FAC residuals. Samples were collected up to 6 hours of FAC contact time and subjected
to solid phase extraction (SPE) right after.

2.2.3 Sample collection for field DCBQ measurements.
Samples were collected from the point of entry (modeled water age 6.5 h; pH 7.1) and
several points across the DS (#11 samples, modeled water ages 16-228 h, pHs 7-7.5) from a
drinking water utility in the south-east US. This utility employed a strong oxidant (chlorine
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dioxide) followed by FAC as a residual disinfectant prior to distribution. The raw water DOC was
~1.9 mg/L and the finished water characteristics were as follows: pH = 7.2, FAC residual = 2.3
mg/L. Samples were collected in 500-mL amber bottles pre-filled with 0.25 % v/v formic acid.
All data corresponding to these samples are represented as “SE-DS samples”. Some of these data
were first reported elsewhere in another study investigating fate of several unregulated DBPs
(Reckhow et al., 2016).

2.2.4 Raw water characteristics for laboratory DCBQFP study.
Raw water was collected from a small reservoir source in Western Massachusetts (Athol,
MA). The general water quality parameters for the raw water were as follows: DOC = 7.5 mg/L,
UV254 = 0.4 cm-1, SUVA254 = 5.2 Lmg-1cm-1. Several gallons of this raw water were collected in
carboys and stored at 4 °C until use. This raw water was filtered using glass fiber filter with a
0.75 μm cutoff prior to conducting FP studies.

2.2.5 DCBQ preservation study.
DCBQ stability in the presence of traditional FAC reducing agents namely arsenite,
thiosulfate, sulfite, glycine, and ascorbic acid (with and without formic acid) were compared with
its stability in acidified water (0.25 % v/v formic acid) for ~3.3 hours. Testing involved first
spiking DCBQ at (4.5-5.7 µM) in pH ~7 (±0.3 log units) phosphate buffered water. This was
followed by addition of 1 mg-Cl2/L or 5 mg-Cl2/L of the FAC or monochloramine, immediately
followed by various chemical reductant combinations at a ~4-7 times molar excess. An aliquot of
each sample was set to sequential LC-MS/MS acquisitions and the time to first injection was
controlled to less than 10 minutes. In each case, FAC and monochloramine concentrations were
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measured before and after addition of reducing agents. The same reducing agents were used along
with formic acid in a companion DCBQFP study (5 μM pHBAc or pHBAl, 5 mg-Cl2/L, pH 7).
Reagents were added to an aliquot of sample which was directly injected onto the LC-MS/MS. In
some cases, glycine or arsenite were combined with other acids such as CH3COOH or HCl to
observe the impact on measured DCBQ values.

2.2.6 DCBQFP Experiments.
Controlled laboratory DCBQFP experiments were conducted to evaluate formation from
raw water NOM and commercial phenolic NOM model compounds namely pHBAc and pHBAl.
The data corresponding to these are represented with a subscript FP (i.e., pHBAcFP, pHBAlFP,
Raw waterFP). All DCBQFP experiments were conducted carefully shielded from light. Samples
were maintained at near-neutral pH (7±0.2 log units) using a phosphate buffer at ~10 mM.
Dosing of FAC or preformed monochloramine was performed in large media bottles (5-10 L)
containing either the raw water (8-L) or solutions of pHBAc or pHBAl (5-L) at 5 μM each.
Chlorination or chloramination using preformed monochloramine was performed while
continuously stirring on a magnetic stir plate to ensure thoroughly mixed conditions. The initial
FAC dosing was based on preliminary testing to attain an average residual of 1-2 mg/L over a 12
h FAC contact for the phenols and a 76-97 h FAC contact for raw water. 300 mL aliquots were
transferred to BOD bottles and incubated at 20 °C for the test duration. At different time points
samples were quenched or preserved using chemical agent combinations (formic acid ,
glycine+formic acid, arsenite+formic acid) depending on the experimental goals.
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2.2.7 Chemical analyses.
DCBQ analysis was performed either using direct injection or after pre-concentration
with SPE cartridges (Oasis HLB cartridges (6 mL, 200 mg adsorbent per cartridge), Waters
Corp., Milford, MA) using a protocol slightly modified from the originally published method
(Qin et al., 2010; Zhao et al., 2012). Briefly, to the SPE eluent comprised of acidified methanol
(0.25 % formic acid), 0.4 mL acidified water (0.25 % formic acid) was added. The contents were
then evaporated using a gentle stream of nitrogen down to 0.5 mL, the resulting composition of
final solvent being acidified 80:20 v/v water/methanol. When required, sample dilutions or
extract dilutions were performed to keep the concentrations within the calibration range.
Separation was performed using an ultra-performance liquid chromatography (UPLC) (Acquity I
class, Waters Corp., Milford, MA) using a C18 column (Acquity BEH C18 (50 X 2.1 mm,1.7
μm), Waters Corp., Milford, MA). Detection was performed on either a triple quadrupole (TQ) or
a quadrupole time of flight (Q-ToF) mass spectrometer (MS), both operated under negative
electrospray (ESI-) conditions. Depending on the experiment, operation modes were either
multiple reaction monitoring (MRM) or MSe continuum. The eluent programming was similar to
a prior study (Mohan and Reckhow, 2021). Residual FAC and monochloramine were monitored
using a diethyl-p-phenylenediamine (DPD) colorimeter (Hach company, Loveland, CO) or by
standard DPD titrimetry (APHA, 1998). pH measurements were performed using an expandable
ion analyzer (Orion Research Corp., Espoo, FI).

2.2.8 Quality Control.
For the utility sampling event, an acidified field blank was prepared and shipped back
with samples in coolers. For the DCBQFP work, a control for each sample was drawn prior to
chlor(am)ination and acidified with 0.25 % formic acid. SPE blanks such as (un)acidified
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laboratory grade water and analysis blanks were included to ensure no contamination occurred
during sample preparation and analysis. Analytical standards for calculation of mass-based
recoveries (60-80 %) were prepared in acidified (0.25 % v/v formic acid) solutions containing
80:20 v/v water: methanol. In some DCBQFP experiments, no SPE extraction was required, and
samples were directly injected onto the UPLC for analysis. Otherwise, 500 mL samples were
extracted for all cases except DCBQFP work for which 300 mL samples were extracted. At the
minimum, duplicate analysis was performed for all the data presented. The instrumental precision
was ~2 % as calculated using 6 injections of standards 6 and 18 ng/mL each. The approximate
instrumental detection limit was in the range 0.5-1 ng/mL while the method detection limit was
~5.8 ng/L calculated using 7 replicate measurements (Students’ t-value (n-1,1-α= 0.99) x standard
deviation).

2.3 Results and Discussion.
2.3.1 Analysis of DCBQ using only formic acid as a preservative
2.3.1.1 DCBQ degradation in waters with little or no organic precursors.
In this first set of experiments, DCBQ was added to laboratory grade water (~225 ng/L)
and a sample of the NE US distributed water (~40 ng/L). The laboratory water was dosed to
achieve a moderate residual of free chlorine, slightly higher than the NE-DS water (Figure 2.1B).
Figure 2.1A shows that in the presence of typical chlorine levels, DCBQ is nearly gone within a
half hour, regardless of whether it is in high purity water (red squares) or in a typical treated
water matrix (blue circles). This particular north-east distributed water was selected because of its
very low levels of reactive NOM. This system draws from a pristine surface water source and
then treats with alum coagulation, clarification, and granular activated carbon in adsorption mode,
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followed by a long free chlorine contact time. The intent was to use a water that has a typical
surface water inorganic matrix, but with little or no HBQ precursors.
Figure 2.1A also shows predicted DCBQ levels due to hydrolysis alone (red lines) and
due to hydrolysis along with reaction with chlorine (blue lines). The dashed lines are predictions
based on the laboratory grade water (i.e., pH 7.05 and higher chlorine residual) and the solid lines
are for the distribution system sample (i.e., pH 6.79 and lower chlorine residual). Predictions for
hydrolysis only were based on the kinetics from our prior study (see below equations #1 and #2
with FAC concentrations set to zero).15 Incorporation of loss due to reaction with FAC is also
based on our prior kinetics (equation #1) which were determined for a similar, but not identical
pH and temperature. The corresponding FAC residuals for the chlorination model were
interpolated from the measured values in Figure 2.1B.
𝑅𝑎𝑡𝑒 =

−𝑑[𝐷𝐶𝐵𝑄]
𝑑𝑡

= (𝑘𝑂𝐻 [𝑂𝐻− ] + 𝑘𝐹𝐴𝐶 [𝐹𝐴𝐶] + 𝑘𝐶𝑙2𝑂 [𝐶𝑙2 𝑂]) [DCBQ] — 𝑀 𝑠 −1
1
𝑇

ln(𝑘𝑂𝐻 ) = −5137 (±778) ( ) + 22(±3)

(1)

(2)

where,
kFAC is the rate constant for FAC species at neutral pH and 20 °C (110 M-1 s-1) (Mohan and
Reckhow, 2021)
kCl2O is the rate constant for Cl2O species (5.6 X 108 M-1 s-1) (Mohan and Reckhow, 2021)
[𝐶𝑙2 𝑂] = 𝑘𝑒𝑞,𝐶𝑙2𝑂 𝛼𝑜2 [𝐹𝐴𝐶]2 ; log keq,Cl2O = -2.2, 25 °C, I = 26 mM (Sivey et al., 2010; Voudrias
and Reinhard, 1988b)
Ionic strength impacts on the chlorine species FAC and Cl2O are negligible at nearneutral pH, therefore corresponding corrections were not performed (Mohan and Reckhow,
2021). In our previous study where DCBQ chlorination reactions were evaluated at ng/mL levels,
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DCBQ was found to rapidly oxidize DPD resulting in near quantitative positive interference
during DPD measurement of residual chlorine (Mohan and Reckhow, 2021). However, the 3 fold
lower working levels of DCBQ used here would result in an insignificant level of interference
(i.e., < 0.01 mg-Cl2/L) and therefore, corrections to FAC residual measurements were not
necessary.
Incorporating the measured FAC residuals over time, the model predicted DCBQ
degradation in the range 70-95 % in just 1 h of chlorine contact time (initial chlorine
concentration 0.4 mg/L and 1 mg/L in NE-DS and laboratory water respectively). The measured
DCBQ concentrations support the expected rapid loss of DCBQ under these conditions. They are
in general agreement with another study where DCBQ decreased by > 90 % in 1 h with initial
chlorine dose of 1.1 mg/L (Kosaka et al., 2017). These observations support the absence of any
influence from the distribution system water matrix on DCBQ degradation as compared to a pure
buffered system. It also supports the similarity in the kinetic behavior between ng/mL and ng/L
levels.
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Figure 2.1. Spiked DCBQ trends over a short (6 hour) time period. For laboratory grade water
(pH 7.05) based experiments spiked [DCBQ]o = 225 ± 5 ng/L. Measured initial concentration in
NE-DS water after DCBQ spike was ~ 40 ng/L. Dashed and solid red lines represent predicted
DCBQ loss from only hydrolysis at pHs 7.05 and 6.79 respectively. Dashed and solid blue lines
are DCBQ chlorination predictions based on FAC residual measurements in Figure (B).
Predictions were based on kobs = kOH[OH-] + kFAC[FAC] + kCl2O[Cl2O] where kCl2O = 5.6 X 108
M-1s-1, kFAC = 110 M-1s-1 (I = 26 μM). KOH was estimated from Arrhenius relationship: ln(kOH) = 5137 (1/T) + 22 where, T is the temperature in Kelvin. Predictions were performed at 20 °C
(Mohan & Reckhow, 2021). 0.25 % v/v formic acid was used to preserve DCBQ as suggested in a
prior study (Zhao et al., 2012).

2.3.1.2 DCBQ formation and loss in waters with organic precursors.
Figure 2.2A shows initial DCBQ formation and slow decline in pure solutions of two different
precursor compounds, pHBAc and pHBAl. All data have been normalized to the first measured
DCBQ concentration (after 30 min FAC contact time in this case; see Appendix B, Figure S1A
for non-normalized concentrations). Figure 2.3A shows DCBQ concentrations in two waters
containing natural precursors, one is a natural water treated in the laboratory, and the other an
actual municipally-treated and distributed drinking water from the south-east US. Again, DCBQ
data have been normalized to the first measured DCBQ concentration (1 h for raw water study
and point of entry for southeast US distribution system sample: see Appendix B, Figure S1B for
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non-normalized concentrations). The corresponding FAC residuals are presented in Figure 2.3B.
The treated water collected at the point of entry had a 2.3 mg/L free chlorine residual, which
diminished across the higher water age sampling sites. However, none of the sites had a residual
below 0.3 mg/L. For the model compounds pHBAc and pHBAl, substantial loss of free chlorine
was noted (Figure 2.2B), corresponding to an average consumption of 6 ( ± 0.6) M-Cl2/Mcompound over the 12 h FAC contact time.

Figure 2.2. Net trend exhibited by DCBQ formed from phenolic models over slightly longer (12
hours) time period. Experiments were conducted at pH 7 ([phosphate buffer] = 10 mM) and at 20
°C. Model compound FP: [pHBAc]o=[pHBAl]o = 5 μM, initial FAC dose = 5 mg/L Cl2. 0.25 %
v/v formic acid was used to preserve DCBQ as suggested in a prior study (Zhao et al., 2012).
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Figure 2.3. DCBQ trends in real water samples over long (97-228 hours) time periods. All FP
experiments (indicated with a suffix) were conducted at pH 7 ([phosphate buffer] = 10 mM) and
at 20 °C. Solid lines are central tendencies in DCBQ trends over extended FAC contact times or
modeled water ages. Raw water characteristics: DOC = 7.5 mg/L, UV254 = 0.4 cm-1, SUVA254 =
5.2 Lmg-1cm-1, initial FAC dose ~ 22 mg/L Cl2 (based on target residual of 1-2 mg/L between 7697 h). SE-DS samples were collected across the DS from a utility maintaining FAC residual. In
all cases 0.25 % formic acid was used to preserve DCBQ as suggested in a prior study (Zhao et
al., 2012).

In the case of the phenolic precursors as well as the raw water, there is a rapid initial
formation of DCBQ followed by a monotonic decline in DCBQ concentrations. The distribution
system samples (i.e., SE-DS sample) show a similar trend, albeit with a substantial amount of
scatter. Some of that scatter may be due to uncertainties in the hydraulic model used for
estimates of water age. Some may be due to heterogeneities in the pipe distribution network. The
most important lesson from these SE-DS samples is that DCBQ is observed at levels over 100
ng/L in this free chlorine system as has been reported by others, and that DCBQ appears to persist
for hundreds of hours.
Organic chlorination by-products from NOM and phenolic precursors generally show fast
formation within a timespan of minutes to a few hours, followed by a much slower formation
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over a period of days. Like DCBQ, many DBPs undergo subsequent decomposition such that
their observed concentrations decline with increasing chlorine contact time. DCBQ seemed to be
persisting well beyond the 6 h FAC contact in all of the waters containing precursors, something
that was not observed for the waters in Figure 2.1.
For the SE-DS samples (Figure 2.3), one might argue that the persistence of DCBQ could
be the result of some unknown protective mechanism; one that might act through association with
other solutes in the water. This could be viewed as a type of an analytical artifact (i.e.,
confounding complexed DCBQ with free DCBQ) which makes it a special case of hypothesis #2.
However, results from NE-DS water in Figure 2.1 where DCBQ does not persist even in the
presence of a typical inorganic matrix would argue against this. The other major hypothesis (#1)
relies on substantial ongoing formation of DCBQ from NOM or phenolic intermediates at rates
that are nearly as fast as the rate of DCBQ degradation. One way to check if this is the case would
be to use measured DCBQ data and calculate the instantaneous rate of DCBQ degradation. This
rate of degradation would have to be balanced by a similar rate of formation such that the change
in DCBQ measured at the next sampling point is equal to the net difference. This can be done in
discretized time steps resulting in a cumulative DCBQ formation (i.e., [DCBQ]F). This was done
using equations 3-7, which represent the stepwise process augmenting the loss of measured
DCBQ (i.e., [DCBQ]M) with the amount that had been degraded (Δ[DCBQ]) within each given
time step (t, t+x). These incremental time steps were carefully chosen across the water age or
FAC contact times to reflect the observed rate of DCBQ degradation.
[𝐷𝐶𝐵𝑄]𝐹,𝑡+𝑥 = [𝐷𝐶𝐵𝑄]𝐹,𝑡 + ( [𝐷𝐶𝐵𝑄]𝑀,𝑡+𝑥 − [𝐷𝐶𝐵𝑄]𝑀,𝑡 ) + ∆[𝐷𝐶𝐵𝑄]

(3)

Initial conditional [𝐷𝐶𝐵𝑄]𝐹,𝑡|𝑡=0 = 0

(4)

where,
𝛥𝐷𝐶𝐵𝑄 = 𝑟𝐷𝐶𝐵𝑄|𝑑𝑒𝑐𝑎𝑦 𝛥𝑡

(5)
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∆[𝐷𝐶𝐵𝑄] = (𝑘𝑂𝐻 [𝑂𝐻 − ] + 𝑘𝐹𝐴𝐶 [𝐹𝐴𝐶]𝑎𝑣𝑔 + 𝑘𝐶𝑙2𝑂 [𝐶𝑙2 𝑂]𝑎𝑣𝑔 )[𝐷𝐶𝐵𝑄]𝑎𝑣𝑔 . Δt
𝐹𝐴𝐶𝑡 +𝐹𝐴𝐶𝑡,𝑡+𝑥

∆[𝐷𝐶𝐵𝑄] = (𝑘𝑂𝐻 [𝑂𝐻 − ] + 𝑘𝐹𝐴𝐶 (

2

𝐷𝐶𝐵𝑄𝑡 +𝐷𝐶𝐵𝑄𝑡+𝑥
).
2

) + 𝑘𝐶𝑙2𝑂 [𝐶𝑙2 𝑂]𝑎𝑣𝑔 ) (

(6)
Δt

(7)

where,
[FAC]avg = averaged free available chlorine concentration without HOCl/OCl- speciation
[𝐶𝑙2 𝑂]𝑎𝑣𝑔 = 𝑘𝑒𝑞,𝐶𝑙2𝑂 𝛼0 2 [𝐹𝐴𝐶]2

(8)

log keq,Cl2O = -2.2, 25 °C, I = 26 mM (Sivey et al., 2010; Voudrias and Reinhard, 1988b)
where αo is the fraction of FAC in the most protonated form (i,e., HOCl).
For this calculation to be accurate, DCBQ and FAC need to be measured as frequently as
possible and linear interpolations were performed for values during intermediate time steps. The
FAC measurements used in the model were adjusted by correcting for the positive bias from
DCBQ based on a prior reported molar relationship (Mohan and Reckhow, 2021). Results of this
calculation are presented as percent molar yields in Appendix B, Figure S2A. The end result of
this calculation is an upward sloping curve that appears to be approaching an asymptote of about
4000-5000 % for the pHBAc acid and seems to be exceeding 8000 % for the pHBAl. Of course,
yields greater than 100 % are not possible, so this seems to point to our alternative hypothesis
(#2). Similarly, our calculation based on the raw water data produces a line that appears to be
approaching an asymptote of 40 % yield (M-DCBQ-carbon/M-DOC-Cx100) (Appendix B,
Figure S2B). While this may be possible based on a simple mass balance, it seems quite unlikely
as the aromatic carbon in most aquatic humic substances only accounts for about 19-35 % of the
total organic carbon (Reckhow et al., 1990). These observations led us to look more closely at the
second hypothesis that invokes analytical artifacts.
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2.3.2 Analysis of DCBQ using Cnventional Reducing Agent
2.3.2.1 Comparison of DCBQ behavior in the presence of different reducing agents.
Over the years, DBP studies have relied on the use of several FAC reducing agents
including ascorbic acid, sodium thiosulfate, sodium sulfite, glycine and arsenite. Reducing agents
are typically added in substantial excess as compared to the disinfectant residual concentrations
(APHA et al., 1999). Most reducing agents convert FAC to either chloride anion or to a relatively
unreactive chloramine, while the reducing agent itself become oxidized. For example, glycine
converts FAC into chloraminoacetic acid, whereas ascorbic acid forms chloride plus
dehydroascorbic acid (Boal and Patsalis, 2017; Folkes et al., 1995). Sulfur-containing reagents
produce chloride, with sulfite being oxidized to sulfate and thiosulfate forming tetrathionate
(WEF, 1996; Willson, 1935). Likewise, arsenite produces chloride and arsenate. In contrast
formic acid has rarely been used for the purpose of reducing FAC, and the products of this
reaction, if any, are not well known. To better understand the impact of formic acid, experiments
were conducted comparing DCBQ measurements in the presence of different quenching reagents,
both with and without formic acid; as well as its formation from raw water NOM and p-hydroxy
phenols when using the same set of reducing agents.
The results from this study have been consolidated in Figure 2.4. In the absence of any
reducing agents DCBQ showed rapid oxidation with FAC when formic acid was also not present,
but almost no degradation in the presence of 0.25 % formic acid (compare open circles in Figures
2.4A and 2.4B). The ability of formic acid to protect DCBQ from FAC has already been noted in
prior studies (Cuthbertson et al., 2020; Mohan and Reckhow, 2021). Both sulfite and thiosulfate
resulted in little or no recovery of DCBQ regardless of whether formic acid was added. Finally,
some measurable DCBQ degradation occurred with glycine and ascorbic acid, in the absence of
formic acid, and some loss was observed with ascorbic acid in the presence of formic acid. Only
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arsenite seemed to result in full recovery of DCBQ, whether formic acid was used or not. In the
presence of formic acid, all reducing agents except sodium thiosulfate and sodium sulfite were
successful in >90 % recovery of DCBQ if analyzed within 3 hours. The satisfactory performance
of ascorbic acid in the presence of formic acid is in agreement with another study as well (Yu et
al., 2019).

Figure 2.4. Impacts of reducing agents on DCBQ added in the presence of FAC. In (B) data were
acquired in the presence of 0.25 % formic acid. In both (A) & (B) data at time '0' represent
DCBQ concentration remaining after addition of FAC and reducing agents. All reducing agents
were dosed in molar excess of FAC concentrations. All data have been normalized to stable
DCBQ concentration in a solution of aqueous formic acid (0.25 % v/v). Red bands indicate
predicted DCBQ degradation assuming constant FAC residual 1-5 mg/L. Predictions were based
on kobs = kOH[OH-] + kFAC[FAC] + kCl2O[Cl2O] where kCl2O = 5.6 X 108 M-1s-1, kFAC = 110 M-1s-1.
kOH was estimated from Arrhenius relationship: ln(kOH) = -5137 (1/T) + 22 where, T is the
temperature in Kelvin. Predictions were performed at 20 °C (Mohan & Reckhow, 2021).

Clearly, thiosulfate and sulfite are not recommended reducing agents for DCBQ since the
recovery was 25 % or lower. DCBQ upon interaction with these reducing agents tends to produce
thiosulfate and/or sulfite adducts which was confirmed using ESI/MS analysis (Appendix B,
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Figure S3), and this has also been proposed in another study as well (Cuthbertson et al., 2020).
Except for the case with no added reagents, similar patterns were noted in the presence of
preformed monochloramine (data not shown). This is not surprising because preformed
monochloramine is not very reactive and such minimal contribution to DCBQ degradation at
neutral pH has already been established (Mohan and Reckhow, 2021). The trends observed in this
study suggested that formic acid when used alone or with reducing agents glycine, arsenite or
ascorbic acid can prevent DCBQ degradation resulting from chlor(am)ination.
The same set of reducing agents were used along with formic acid in a companion
experiment using two different sets of samples; one with commercial DCBQ in reagent grade
water (no FAC) and one where DCBQ is actively forming from the pHBAc precursor ([phosphate
buffer] = 10 mM; pH ~7; [pHBAc] = 5 μM; [FAC]o = 5 mg/L). Figure 2.5 shows the results
from this study, normalized to the arsenite response. In general, commercial DCBQ exhibited the
same behavior as DCBQ formed from chlorination of pHBAc, further demonstrating that glycine,
arsenite and ascorbic acid are acceptable DCBQ preservation agents.
In stark contrast, the DCBQ peak was 25 times higher when formic acid was added
without any reducing agent to the chlorinated pHBAc solution. A similar enhancement was
observed in a later experiment using 3 different chlorophenols as DCBQ precursors (See Table
S1).
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Figure 2.5. Impact of reducing agents and DCBQ precursors on measured DCBQ. Black bars
represent pure DCBQ standard at 300 μg/L in the presence of formic acid (pH ~2.8). Dashed line
represents response with arsenite + 0.25 % formic acid added. Grey bars represent DCBQ peak
response from chlorination(5 mg/L) of pHBAc (5 μM, pH~7) after 5 min FAC contact. These
samples contained formic acid and reducing agents at ~5-7 times molar excess of FAC. Data are
normalized to peak areas in aqueous solution of arsenite + formic acid (0.25 % v/v).

2.3.2.2 Enhanced DCBQ Formation at acidic pHs.
When adding 0.25 % formic acid (pKa = 3.75 (Smith and Martell, 1989)) to typical
drinking water samples the solution pH drops to about 2.8 or 2.9. In order to examine if such an
enhanced formation from pHBAc occurred in the presence of other typical acids, the same tests
were conducted in the presence of HCl (pKa -3 (Smith and Martell, 1989) and CH3COOH (pKa
4.75 (Smith and Martell, 1989) at 65 mM added concentration each with controls including added
formic acid at 0.25 % and 0.10 %. The pHs measured in these samples were in the range 1.67-3.3
(65 mM CH3COOH>0.25 % formic acid> 0.1 % formic acid> 65 mM HCl) which is close to
what would be expected based on the published pKa’s (Table S2). Aliquots of samples were
drawn after a 10 min FAC contact with pHBAc into vials containing either the acid alone or in
combination with glycine or arsenite in molar excess. These data are compiled in Table S3.

43

A ten-fold larger DCBQ peak area response was measured in the presence of only acid
compared with added glycine or arsenite along with the acid. DCBQ response was similar in all
cases where glycine or arsenite were applied, irrespective of the acid used. In fact, the peak areas
with only the carboxylic acid further increased 3-5 fold when the same samples were analyzed a
second time after 2.5 h of holding time (Table S3). Relatively small changes were noted when the
samples containing glycine or arsenite were re-analyzed. Such observations support the
hypothesis that acid catalysis was occurring in samples that still contained FAC and DCBQ
precursors. Such a phenomenon is not entirely new and aligns with prior findings of higher total
organic halide formation at very low pHs (Hua and Reckhow, 2008; Reckhow and Singer, 1984).
It is important to note that HCl and CH3COOH do not reduce FAC residual. The impact of adding
these acids only shifts FAC speciation, with some studies showing strong evidence for Cl2 being
the dominant oxidant at these pHs (Cherney et al., 2006). Since the impact of formic acid on
DCBQ response closely matched the impacts of the other acids, it seems plausible that all three
may be operating via the same mechanism (i.e., no FAC reduction, but change in FAC
speciation).

2.3.3 Reaction between Formic Acid and Free Chlorine
To further test the ability of formic acid to reduce FAC, a series of tests were run with
varying levels of FAC in high purity water. The doses ranged from 0.2 to 2 mg/L. Residuals
were measured immediately upon addition of the FAC, and the loss of residual was found to be
between 0.1 and 0.3 mg/L (Figure 2.6). Then sufficient formic acid was added to each to reach a
concentration of 0.25 % (54 mM) and the residuals were measured again. Finally, the solutions
were allowed to sit in the dark at 20 °C for 20 hours before the residuals were measured a third
time. Results support the idea that formic acid does not react quickly with FAC, if at all. While
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some decrease was seen, there were still measurable residuals after addition of formic acid in all
samples, and except for the low chlorine dose sample, all still showed residuals after 20 hours.
Given the small observed chlorine demand (0.004-0.018 mM after 20 hours), and the large
amount of added formic acid (54 mM), it seems possible that trace contaminants in the formic
acid reagent could be responsible, supplemented by some auto-decay of active chlorine in water.
For this study we elected not to neutralize the sample pH prior to FAC analysis. This was
over concern that large amounts of alkaline reagents might further reduce chlorine residual.
Upon addition of the DPD buffer to the samples, the pH increased from 2.5 to 4. While the ideal
pH for the DPD method is 6.2-6.5 (AWWARF, 1987), this restriction is mostly due to concern
over interference from combined chlorine. Since our samples were known not to contain
combined chlorine, we proceeded at this pH. In order to test this, we conducted another set of
experiments with added FAC to laboratory water at 1.3 mg-Cl2/L. The pH was adjusted to ~6.2
using a solution of NaOH (and HCl if needed). The pH did not significantly change from this
value upon addition of DPD reagent, however, presence of FAC residual ~1 mg/L was yet again
confirmed. The results presented here confirm that addition of 0.25 % formic acid will not quench
FAC, and this concurs with another study in distribution system samples (Nakai et al., 2015a).
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Figure 2.6. Impact of formic acid on free chlorine in laboratory grade water.

2.3.4 Analytical Artifacts when using only formic acid in the presence of DCBQ precursors
and FAC.
With the recognition that formic acid does not fully quench FAC, and indications that the
use of acid preservatives without quenching agents leads to abnormally high DCBQ response
from chlorination of pHBAc, it was decided that additional tests should be run with DCBQ
precursors to further validate these findings. A more extensive set of laboratory chlorination tests
were conducted on (1) the lignin monomers, pHBAc and pHBAl and, (2) a high DOC raw water
(~7 mg/L). These were designed to examine the impact of FAC contact time, instead of the
reducing agent type and contact time which had been explored in a previous experiment. Three
aliquots of each of these samples were drawn at different FAC contact times and each preserved
using one of three different techniques: (1) only 0.25 % formic acid, (2) glycine + 0.25 % formic
acid, (3) arsenite + 0.25 % formic acid.
The results from this study are presented in Figure 2.7. In all three cases, the DCBQ
values measured after addition of formic acid alone were significantly higher than when used
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along with glycine or arsenite. This did not occur in the presence of preformed monochloramine
which did not seem to form any DCBQ (data not shown). DCBQ concentrations (or yields)
measured while using glycine or arsenite with formic acid were similar and this was the case with
the raw water as well (See Figure 2.7C). Such similarities in DCBQ measurements using glycine
or arsenite support the notion that the quenched samples are giving “true” DCBQ concentrations,
and the formic acid only sample is giving artifacts.
For the raw water, the DCBQ concentrations during the early FAC contact times (1-12 h)
were 17-28 times higher when only formic acid was used. At extended contact times this ratio
was observed to decrease. For example, at a 97 h FAC contact time the DCBQ measured when
using only formic acid was about three times the concentration measured while using glycine or
arsenite. This seems to be a reflection of the diminishing concentration of precursor and chlorine
residual with FAC reaction time. A similar pattern was observed during chlorination of model
compounds as well. At a 12 h FAC contact, the formic acid data were 29 and 69 times higher than
the case with added glycine and arsenite for pHBAc and pHBAl respectively.

Figure 2.7. Artifacts observed in DCBQ analysis without typical quenchers. All experiments were
conducted at pH~7 ([phosphate buffer] = 10 mM), 20 °C shielded from light. Glycine and
arsenite were applied in molar excess (x 5-7) of FAC. 0.25 % v/v formic acid was used across all
samples. Error bars represent standard deviations of duplicate analyses. Kosaka et al., 2019
conditions: pH= 7, FAC dose based on 1 mg/L residual at 1 h, FAC contact time = 1 h, model
compounds dosed equivalent to 1 mg/L (0.5-9 μM). Glycine with formic acid was used to quench
and preserve samples. Raw water characteristics in (C): DOC=7.5 mg/L, UV254=0.4 cm-1,
SUVA254=5.2 Lmg-1cm-1.
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2.3.5 Validation of Glycine and Arsenite as DCBQ preservation agents in the presence of
formic acid.
For each of the above cases, the cumulative DCBQ formation was calculated using
equations 3-8. The results of these calculations are presented in Figure 2.8. These data are
intended to represent the DCBQ formation that would be expected had there been no DCBQ
degradation due to hydrolysis and chlorination (i.e., the maximum possible formation). Figure
2.8A shows a cumulative molar DCBQ yield of ~60 % over the 12 h FAC contact time tested for
pHBAc. The results calculated for both the quenching scenarios (glycine+formic acid,
arsenite+formic acid) were very similar and much lower than would be predicted when using
only formic acid (compare with Appendix B, Figure S2). This anomaly is also reflected in the
results obtained for pHBAl and raw water. The calculated DCBQ formation from pHBAl were
generally higher than pHBAc across the FAC contact times monitored which aligns well with
measured concentrations. It appears that almost complete conversion of pHBAl to DCBQ can be
expected when sufficient FAC residual is available. For the raw water, cumulative DCBQ-C yield
expressed as a percentage of molar DOC was ~2 % (Figure 2.8B). Note that the use of formic
acid alone resulted in a calculated DCBQ-C yield of ~40 % over the same 96 h FAC contact time
(Appendix B, Figure S2B). These results suggest that most prior reports on DCBQ occurrence
should be re-evaluated. To our knowledge, only three studies have been published where the
reducing agents, glycine, or ascorbic acid, were used along with formic acid for DCBQ sample
preservation (Kosaka et al., 2017; Nakai et al., 2015a; Yu et al., 2019).
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Figure 2.8. Calculated cumulative DCBQ formation and yields. Cumulative percent DCBQ yields
were calculated in accordance with Equations 8-13. Reaction conditions: [p-hydroxy phenols]o =
5 μM, initial FAC dose = 5 mg/L Cl2. For the raw water experiments initial FAC dose was ~22
mg/L Cl2, based on a target FAC residual of 1-2 mg/L between 76-97 h. All experiments were
conducted at pH~7 ([phosphate buffer] = 10 mM), 20 °C shielded from light. Glycine and
arsenite were applied in molar excess (x 5-7) of FAC. 0.25 % v/v formic acid was used across all
samples. Raw water characteristics in (B): DOC=7.5 mg/L, UV254=0.4 cm-1, SUVA254=5.2 Lmg1
cm-1.
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CHAPTER 3
PRECURSORS OF 2,6-DICHLORO-1,4-BENZOQUINONE AND ITS FORMATION
AFTER PREOXIDATION

3.1 Introduction
Epidemiological studies have long associated human bladder cancer risks to the exposure
duration and concentrations of disinfection by-products that are formed during chlorination of
drinking water (Morris et al., 1992; USEPA, 1998; Villanueva et al., 2007). The more prevalent
DBPs, trihalomethanes (THMs) and haloacetic acids (HAAs), are regulated by the United States
Environmental Protection Agency (USEPA), but they represent only a quarter of halogenated
DBPs identified to date (Boorman et al., 1999; Krasner et al., 2006; Richardson, 1998).
The available occurrence and toxicity information for many identified DBPs do not
explain the high bladder cancer risks that existing epidemiological studies project. Conclusions
from mechanistic chemical and toxicological models have led researchers to propose
halobenzoquinones (HBQs) as DBPs with sufficient bladder carcinogenic potency to account for
this gap (Bull et al., 2006; Bull, 1982). Following this, several researchers have conducted HBQ
occurrence surveys (US, Canada and Japan) and reported toxic impacts in various cell lines
(hamster and human) and zebrafish embryos (Anichina et al., 2010; Fu et al., 2017; Huang et al.,
2013; Li et al., 2018, 2017, 2016, 2014; Mohan, 2015; Nakai et al., 2015a; Procházka et al., 2015;
Wang et al., 2018, 2014; Xu et al., 2018; Zhao et al., 2012, 2010).
Almost all of the above occurrence studies have documented the presence of 2,6dichloro-1,4-benzoquinone (DCBQ) in treated drinking water. A study noted a positive
correlation between DCBQ and chloroform (CHCl3) concentrations collected from treated waters
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at 12 drinking water utilities using free chlorine (Nakai et al., 2015a). Another study noted a
decrease in DCBQ concentrations across a distribution system maintaining free chlorine while the
THM levels increased (Mohan, 2015). This study however used formic acid for sample
preservation which the authors of the same study later concluded can result in DCBQ artifacts, so
such observations require careful judgement (Refer Chapter II). Nevertheless, these trends are
noteworthy because HBQs are potential intermediates in the formation of THMs and HAA (e.g.,
from1,3-dihydroxyaromatics) (Boyce and Hornig, 1983; Rook, 1980). If formation via a DCBQ
intermediate were the predominant pathway, precursors of THMs such as aliphatic carboxylic
acids, hydroxybenzoic acids, phenols and pyrrole derivatives would also be expected to be
precursors of DCBQ (Korshin et al., 1997; Norwood et al., 1980). For instance, the formation of
DCBQ (~0.14 % molar yield) and chloroform (~3.5 % molar yield) from chlorination of phydroxybenzoic acid (pHBAc) has already been documented in two independent studies (Hua et
al., 2014; Kosaka et al., 2017). The same is true for the formation from phenol (Gallard and von
Gunten, 2002; Heasley et al., 2004; Kosaka et al., 2017; Zhao et al., 2012). To the best of our
knowledge, only one DCBQ formation potential (FP) study is available that presents DCBQ
molar yields from aromatic model compounds (Kosaka et al., 2017). The authors of this study
concluded that p-substituted phenolics and aromatic amines are plausible DCBQ precursors (up to
4.9 % molar yield). Further studies are required to reconcile these results and expand our
knowledge of DCBQ formation to other natural organic matter (NOM) and lignin substructures
such as mono-aromatic hydroxyl, vanillyl or cinnamyl phenols with acid, aldehyde or ketonic
substituents (Crawford, 1982; Ertel et al., 1984; Goñi and Hedges, 1992; Hedges and Ertel, 1982;
Hedges and Mann, 1979; Hua et al., 2014; Kögel-Knabner and Ziegler, 1993; Lobbes et al., 1999;
Louchouarn et al., 1999; Otto and Simpson, 2006; Sarkanen and Ludwig, 1971). Exploration of
this larger group of potential precursors would help inform DCBQ yields and mechanistic
investigations from several prior DBP studies (Boyce and Hornig, 1983; Conrad and Huck, 1996;
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Dickenson et al., 2008; Hua et al., 2014; Larson and Rockwell, 1979; Norwood et al., 1987, 1980;
Yang et al., 2012).
With a better understanding of the nature of DCBQ precursors, treatment methods to
minimize formation can be postulated. Only a few studies shed light on treatments for removal or
destruction of DCBQ precursors either in raw water or from studies with model compounds
(Diemert et al., 2013; Wang et al., 2015; Wu et al., 2021; Zhao et al., 2012). Other researchers
have presented evidence for DCBQ destruction using direct ultraviolet (UV) irradiation,
chlorination or an advanced oxidation process using UV/peroxide/ozone (Mohan and Reckhow,
2021; Pan et al., 2021; Qian et al., 2013). In a recent study pretreatment with chlorine dioxide
(ClO2) was found to decrease DCBQ formation upon subsequent chlorination as compared to
chlorination without pretreatment (Wu et al., 2021). Changes in DCBQ formation mechanisms
were noted upon ozonation in another study that used phenol as a model compound (Zhao et al.,
2012). Mass spectrometric investigations pointed to involvement of trichlorophenolic
intermediates for chlor(am)ination of untreated phenol, whereas ozonated phenol produced
dihydroxyphenolic and benzoquinone intermediates. No data were reported in this study
regarding changes in DCBQ concentration after ozonation (O3), however DCBQ intensities were
about ten times lower for chloramination compared to chlorination (Zhao et al., 2012). The other
two studies indicate that neither conventional nor advanced treatment processes can completely
eliminate DCBQ (or HBQ) precursors (Diemert et al., 2013; Wang et al., 2015). Moderate
removal of DCBQ precursors was observed in both studies downstream of coagulation (Wang et
al., 2015). For instance, data from nine drinking water utilities where median DCBQ precursor
removal efficiency was only ~19 %, showed a median DOC removal of ~40 %, the difference
indicating the low molecular weight (LMW) NOM fractions not amenable to removal by
coagulation. Furthermore, the authors of this study also report precursor removals in the range of
10-30 % after ozonation or application of granular activated carbon with no benefits from UV.
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Many utilities have relied on alternative disinfectants or preoxidants such as ozone O3
and ClO2 ahead of chlor(am)ination to keep the DBP levels from going above regulatory limits.
Even as early as the 90’s, surveys indicated that about 264 public drinking water plants in the
United States used ozone while ~900 used chlorine dioxide (Hoehn, 1992; Rice and Overbeck,
1998; USEPA, 1999). Ozonation results in modification of NOM moieties in such a way as to
decrease the net formation of THMs and HAAs, while also producing by-products such as
aldehydes, organic acids, aldo- and keto-acids (Jacangelo et al., 1989; Miltner et al., 1992;
Reckhow and Singer, 1984). Trivial formation of tri-halogenated DBPs and some increases in
dihaloacetic acids have been noted after application of ClO2 (Aieta and Berg, 1986; Werdehoff
and Singer, 1987). Increases in unknown total organic halogens (TOX) have been noticed in some
instances of application of these preoxidants (Hua and Reckhow, 2007). It is not known if these
preoxidants impact formation of DCBQ in ways similar to the regulated DBPs.
The goals of this study were (1) to investigate the structural features in NOM that lead to
DCBQ formation and propose responsible pathways, and (2) to compare the impact of O3 and
ClO2 on DCBQ precursor destruction. For goal #2 experiments were conducted on selected model
compounds as well as on a raw water with high dissolved organic carbon (DOC) concentrations.
These experiments were conducted with varying preoxidant doses and chlorine contact times. In
some cases, THMs and HAAs were also monitored to understand the relative DBP trends.

3.2 Materials and Methods
3.2.1 Chemicals and Reagents.
Structurally diverse and commercially available lignin model compounds were selected
for evaluation as DCBQ precursors. These model compounds resemble substructures within
NOM and are categorized into five different groups A-E based on structural characteristics in
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Figure 3.1. Group A contains classic lignin acids, aldehydes and ketones used in DBP studies
such as p-hydroxy, vanillyn, syringyl and cinnamyl phenols which are not only recognized copper
oxidation products of NOM but also precursors to THMs and HAAs (Hedges and Ertel, 1982;
Hua et al., 2014; Thevenot et al., 2010). Group B contains phenol, a known DCBQ precursor
(Heasley et al., 2004; Zhao et al., 2012) and a range of other expected early-chlorination products
of phenol and benzoic acid. Of these, chlorophenols such as 2-chlorophenol 2,4-dichlorophenol
and 2,4,6-trichlorophenol are categorized priority pollutants due to their occurrence levels in the
environment (IARC, 2019). Compounds in groups C and E contain -OH or -alkoxy substitutions
whereas group D presents quinone-type moieties. All non-chlorinated phenolic structures
considered in this study are expected to exist in some form in nature and presumably in NOM
(Bond et al., 2009). Most of these compounds were purchased from Sigma Aldrich (St.Louis,
MO) or Acros Organics (Fair Lawn, NJ) and varied in purity from 96-99.5 %. Gallic acid and
phenol were obtained from Fisher Scientific (Fair Lawn, NJ). 3-chloro-4-hydroxybenzoic acid
(97 % purity) was acquired from Alfa Aesar (Haverhill, MA). Details regarding other chemicals
are provided in Appendix C (Section S1).
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Figure 3.1. Model NOM compounds, monomers and early chlorination products evaluated for
DCBQ Formation. A-Classic Lignin monomers; B-Phenol and expected early chlorination
products; C- Benzoic acid with and without -OH substitution (polyphenols); D-Quinones; EMethoxy or ethoxy substituted monomers

3.2.2 Sample collection.
Several gallons of a raw water high in DOC concentration (~7.5 mg/L) were collected in
carboys from a small reservoir source in Western Massachusetts (Appendix C, Figure S1). Its
UV254 value was 0.4 cm-1, resulting in a calculated specific UV absorbance (SUVA254) of 5.2
Lmg-1cm-1. Such a high SUVA254 value (>4 Lmg-1cm-1) is usually a sign of humic-type NOM,
with predominance of aromatic, hydrophobic and high molecular weight fractions (Edzwald,
1993; Edzwald et al., 1985; Van Benschoten and Edzwald, 1990). Chlorination studies were
conducted on this raw water after careful filtration through glass fiber filters (GF/F, Whatman,
Clifton, NJ ) with an effective cutoff of 0.75 µm.
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3.2.3 Generation of (pre)oxidants and standardization.
Dosing was performed in batch mode for both O3 and ClO2. A saturated O3 stock solution
was prepared using a corona-type generator continuously fed with pure oxygen. Standardization
of this O3 stock as well as residual O3 measurements in samples were performed using UV
absorbance at 260 nm. Concentrated ClO2 stock solutions were prepared by collecting gaseous
ClO2 produced by reaction between H2SO4 and NaClO2 (APHA et al., 1999). This stock solution
was standardized using UV spectrophotometry readings at 360 nm (Aieta and Berg, 1986). In the
preparation of a concentrated preformed monochloramine stock, a mixture of ammonium chloride
and NaOCl was prepared at a ratio of ~0.8 M-Cl2/M-N followed by raising pH to 8.5 to facilitate
complete conversion to stable chloramines. Both free chlorine and chloramine solutions were
standardized and their residuals over the course of FP experiments were measured using a N,Ndiethyl-p-phenylenediamine (DPD) ferrous ammonium sulfate (FAS) colorimetric method
(APHA et al., 1999).

3.2.4 DCBQ-FP Experiments.
In a first experiment, chlorination and chloramination (5 mg/L Cl2) were carried out on
individual model compound solutions ([p-hydroxy phenols]o= 5 µM, Figure 1) at pH 7 in 300 mL
BOD bottles. Samples were shielded from light and incubated at 20 °C for 6 hours. Subsequent
experiments involving preoxidation using O3 or ClO2 were conducted on solutions of only two phydroxyphenols and the high DOC raw water. The experimental design for this study is presented
in Figure 3.2. Preoxidation was initiated while continuously stirring samples in media bottles
(~2.3 L). Preoxidants were dosed at 0.25, 0.5, 1 mg/L initial dose to 5 µM each of phydroxybenzoic acid (pHBAc) or p-hydroxybenzaldehyde (pHBAl), or at 1, 2, 4 mg/L to the raw
water and allowed a ~2 h preoxidant contact. Such an extended preoxidant contact ensured no
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residual preoxidant was present in samples prior to free chlorine dosing. pHs of the raw water and
model compound solutions were in the range of 6.4-7 at the time of preoxidant addition.
Subsequent free chlorination was performed at 5 mg/L on the p-hydroxyphenols and 18 mg/L on
raw water, all at pH 7 ([phosphate buffer] = 10 mM). These doses resulted in an average residual
~2.5 (±0.9) mg/L and ~3.5 (±1) mg/L for the model compounds and raw water studies
respectively. A portion of the samples were collected over pre-determined free chlorine contact
times up to 12 hours for DBP analyses.

Figure 3.2. Experimental design for preoxidation experiments. Free chlorine doing was
performed after complete depletion of oxidants at pH~7 ([phosphate buffer] = 10 mM). For
DCBQ analysis, samples were quenched and preserved using a combination of arsenite and
formic acid. For THMs and HAAs, samples were quenched and preserved using arsenite. Raw
water characteristics: DOC = 7.5 mg/L, UV254 = 0.4 cm-1, SUVA254 = 5.2 Lmg-1cm-1, pH = 6.4.

3.2.5 Analytical Methods.
Aliquots of samples were drawn at different free chlorine contact times, with residual free
chlorine quench using excess arsenite followed by addition of 0.25 % formic acid to inhibit any
DCBQ hydrolysis. This protocol was only employed for DCBQ analysis based on a recent study
(See Chapter II). DCBQ analysis was performed using a combination of solid phase extraction
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(SPE) and liquid chromatography tandem mass spectrometry (LC/MS/MS) based on a procedure
slightly modified from prior methods (Zhao et al., 2010) (See Chapter II). For THM and HAA
measurements, free chlorine in samples was quenched using a molar excess of arsenite. For
analysis of THMs, liquid/liquid extraction with pentane followed by gas chromatography and
electron capture detection (GC/ECD) was performed according to USEPA Method 551.1. For
HAAs liquid/liquid extraction with methyl tertiary-butyl-ether (MtBE) followed by derivatization
with acidic methanol and by GC/ECD was performed according to USEPA Method 552.2. All
treated samples were stored at 4 °C and extracted immediately for THMs and within two days for
HAAs and DCBQ. For the raw water samples, DOC measurements were made using a
commercial analyzer based on high-temperature combustion and non-dispersive infrared
detection (TOC-VCPH, Shimadzu Corp., Kyoto, Japan). UV absorbance scans were acquired
using a UV-Vis spectrophotometer (Cary 60, Agilent Technologies, Santa Clara, CA). SUVA254
was calculated as the ratio of UV254 to DOC multiplied by 100. pH measurements were made
using an expandable ion analyzer (Orion Research Corp., Espoo, FI). For the model compound
study, DCBQ was monitored along with pHBAc, pHBAl and intermediates 2,4,6-trichlorophenol
and 3,5-dichloro-5-hydroxybenzoic acid using a UPLC-MS/MS (Appendix C, Section S2).
Fluorescence excitation emission matrices (FEEMs) were acquired using a spectrofluorometer
(Aqualog, Horiba Scientific, Kyoto, Japan). Parallel factor analysis (PARAFAC), principle
component analysis (PCA) and total fluorescence (TF) evaluations were conducted on FEEM
data using Solo software (Eigenvector Research Inc., Wenatchee, WA) and the resolved
component characteristics were interpreted based on the Openfluor database (Lablicate,
Hambury, Germany).
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3.2.6 Quality Control.
Analytical standards for calculation of mass-based recoveries (60-80 %) were prepared in
acidified (0.25 % v/v formic acid) solutions containing 80:20 v/v water: methanol. 300 mL
samples were extracted for DCBQ analysis. Duplicate analysis was performed for the preliminary
study using separate buffered solutions of 30 model compounds. For the preoxidation work,
duplicate extractions were performed followed by duplicate analysis of each extract and all data
representing the average and standard deviations of the four measurements. The instrumental
precision was ~2 % as calculated using 6 injections of standards containing 6 and 18 ngDCBQ/mL each. The approximate instrumental detection limit was in the range 0.5-1 ng/mL
while the method detection limit was ~5.8 ng/L calculated using 7 replicate measurements
(Students’ t-value (n-1,1-α= 0.99) x standard deviation). When required, sample dilutions or
extract dilutions were performed to keep the concentrations within the calibration range. For both
raw water and model compound experiments, DCBQ control samples were collected for analysis
before and after preoxidation in addition to analysis and, analysis and SPE method blanks were
included to ensure the absence of any contamination during sample processing. Quality FEEM
acquisitions were ensured by closely following a prior published protocol (Hansen et al., 2018)
(Appendix C, Section S3).

3.3 Results and Discussion.
3.3.1 Preliminary evaluation of DCBQ formation from model compounds.
Figure 3.3 represents the DCBQ molar yield (see green bars) from each model
compound. Chloramination did not result in measurable DCBQ formation from these compounds
and similar relative tendencies have been reported elsewhere (Zhao et al., 2012). Broadly,
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significant formation was noted from the p-coumaric acid and phenol, and groups such as phydroxyphenols (Group A), chlorophenols and chloro-hydroxybenzoic acids (Group B).
Among the lignin monomers from Group A, the highest DCBQ formation was noted
from p-hydroxyphenols, with the order of DCBQ molar yield being pHBAl>pHBAc>phydroxyacetophenone (0.43 %>0.13 %>0.072 %). Note that some of these have also been
detected as non-halogenated by-products of chlorination of Suwannee River Humic Acid (SRHA)
(Jiang et al., 2020). All other group A compounds either did not produce any DCBQ or formed
DCBQ at concentrations too close to the method detection limit to be considered meaningful. The
high-yield compounds are most likely a consequence of the electron donating -OH group in phydroxyphenols activating the ring towards electrophilic aromatic substitution in the vacant ortho
sites followed by oxidative decarboxylation producing 2, 4, 6-trichlorophenol and many related
chlorophenolic intermediates all of which could yield substantial DCBQ amounts (Larson and
Rockwell, 1979). p-coumaric acid was the only other lignin compound, that resulted in ~0.1 %
molar DCBQ yield, whereas its methoxy derivative, ferulic acid which did not exert any free
chlorine demand, nor did it form any DCBQ. Similar observations have been made with regard to
dichloroacetic acid (DCAA) and TOX formation from these two derivatives (Bull et al., 2006).
Phenol, which has already been demonstrated as a DCBQ precursor (Heasley et al., 2004;
Nakai et al., 2015b; Zhao et al., 2012) resulted in ~0.17 % DCBQ yield. The five chlorophenols
(Group B) produced molar DCBQ yield in the range of 0.07-0.2 %, with the highest yield from 2chlorophenol and relatively similar yields from the four others.
Based on Bull’s mechanistic deductions, 1,4-hydroquinone oxidation by free chlorine
species would result in quinone formation followed by its addition across double bonds ultimately
forming DCBQ (Bull et al., 2006). Contrary to this expectation, neither of the two quinone type
molecules, 1,4-hydroquinone and 1,4-benzoquinone formed substantial amounts of DCBQ.
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Significant DCBQ yield were determined from 3-chloro-4-hydroxybenzoic acid and 3,5-dichloro4-hydroxybenzoic acid at 0.13% & 0.2% respectively. On the other hand, gallic acid 3,4dihydroxybenzoic acid and 2-hydroxybenzoic acid produced hardly any DCBQ probably due to
the absence of reactive sites and therefore chloro-phenolic intermediates (Larson and Rockwell,
1979). Chlorination of gallic acid is likely to also involve semiquinone or quinone-type structures
which would again explain the little to no DCBQ formation (Bull et al., 2006; Criquet et al.,
2015). Another study proposed direct ring cleavage and formation of aliphatic DBPs (Boyce and
Hornig, 1983). Finally, none of the alkoxy substituted compounds (Group E) produced significant
amounts of DCBQ either.
Nine of the compounds investigated for DCBQ formation in this study were also tested
for DCBQ formation by Kosaka and colleagues (2017). These results are included to Figure 3.3
for comparison (see blue diamonds). A general agreement in the measured DCBQ range with this
study is notable. Kosaka’s study used a combination of glycine and formic acid for quenching and
DCBQ preservation, whereas this study used arsenite and formic acid. However, our previous
study presented evidence that both glycine and arsenite should give similar DCBQ concentrations
in samples (See Chapter II). Therefore, any differences in specific DCBQ molar yields can be
entirely attributed to the variations in formation potential conditions employed. In our earlier
study screening DCBQ formation from 15 of the 30 compounds evaluated in this current study,
only formic acid was used for sample preservation (Mohan, 2015). Formic acid by itself is not a
reducing agent and can facilitate acid-catalysis resulting in DCBQ artefacts up to 10 times higher.
Accordingly, the results from that earlier study were 2-10 times higher than the values reported in
this study and therefore are disregarded.
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Figure 3.3. DCBQ formation potential tests on lignin compounds. Percent DCBQ Yield was
calculated as M-DCBQ divided by M-lignin compound X 100. Reaction conditions: [Lignin
compound]o = 5 µM, initial free chlorine dose = 5 mg/L Cl2, free chlorine contact time ~ 6h. All
experiments were conducted at pH~7 ([phosphate buffer] = 10 mM), 20 °C shielded from light. A
molar excess of arsenite for quenching free chlorine and 0.25 % v/v formic acid to prevent DCBQ
hydrolysis were employed. Error bars represent standard deviations of duplicate analyses.
Vertical dashed line represents DCBQ yield corresponding to the method detection limit (MDL).
A-Classic Lignin Monomers; B-Phenol and expected early chlorination products; C-Benzoic acid
with and without -OH substitution (polyphenols); D-Quinones;E-Methoxy or ethoxy substituted
monomers. Data points in blue represent DCBQ yields per Kosaka et al. (2017). Reaction
conditions: pH= 7, free chlorine dose based on 1 mg/L residual at 1 h, free chlorine contact time
= 1 h. In this study model compounds were dosed equivalent to 1 mg/L (0.5-9 µM). Glycine with
formic acid was used to quench and preserve samples.

3.3.2 Reactivity towards free chlorine and proposed DCBQ formation pathway from phydroxyphenols.
Figure 3.3 also includes the reactivity of each model compound towards free chlorine as
6 hour free chlorine demand (red circles). In general, both chlorination and chloramination of
lignin phenols are expected to produce products chlorinated at the ortho and para positions
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although chloramination would have lower reactivity and slower reaction kinetics which is likely
why no DCBQ was observed after the 6 h reaction period. Free chlorine reaction with organics
usually requires nucleophilicity or vacant unsaturated sites. Electrophilic chlorine reactions are
very common with phenolic moieties and can occur over times scales of a few seconds to
minutes.
Of the 30 compounds studied 10 did not result in significant free chlorine demand, and
these were all compounds with either no activating -OH group, highly deactivating ether groups
or no vacant positions ortho/para to -OH, which are some characteristics that inhibit any free
chlorine substitution, oxidation or fragmentation required for formation of DCBQ (or other
DBPs) and perhaps result in free chlorine attack away from the ring. For the other 20 compound
groups, the chlorine demand ranged between 3.5-9 M-Cl2/M-compd. with the highest from
vanillin. Of these 20, seven were chlorinated products and the rest were lignin monomers or other
biopolymers. However not all the 20 resulted in high DCBQ formation, only 12 did (4.2-8.3 MCl2/M-compd.). In other words, no compound that had a molar free chlorine demand ≤ 0.5 MCl2/M- compd. formed any DCBQ. Relatively low DCBQ formation from the other 8 phenols
with high chlorine demand (3.5-9 M-Cl2/M-compd.) suggests that most of the chlorine might
have resulted in oxidation rather than substitution.
For instance, vanillin and syringyl phenols (methoxy derivatives of p-hydroxyl phenols)
had a relatively high chlorine demand of 4.5-9 M-Cl2/M-DCBQ, with positions ortho to the -OH
occupied by groups that cannot participate in the proposed mechanism (i.e., –OCH3 and –OC2H5)
and therefore possibly producing unsaturated methoxy acids or methoxyphenols which might not
lead to DCBQ formation in part due to disruption by fragmentation and cleavage phenomena
(Bull et al., 2006). In other words, slower kinetics of reaction with chlorine due to partially-filled
(vanillin phenols) or completely filled (syringyl phenols) ortho sites can inhibit chlorine
substitution required for DCBQ formation.

63

The p-hydroxyphenols consumed about 4-7 M-Cl2/M-comp. and resulted in relatively
high DCBQ formation as addressed in a previous section. As also previously addressed, -OH
being electron donating activates the ring towards an electrophilic aromatic substitution by free
chlorine in the neighboring vacant (ortho) sites. This phenomenon followed by oxidative
decarboxylation forming a 2,4,6-trichlorophenol intermediate has been proposed by Larson and
Rockwell (1979) using pHBAc as the starting compound. Using this mechanism as the basis,
Figure 3.4 represents the proposed DCBQ formation (6) through various pathways (#1-3), all
involving 2,4,6-trichlorophenol (5) followed by successive free chlorine attack by nucleophile
OH- (or OCl-) at ortho position to -OH group.
The formation of 2,4,6-trichlorophenol (5) could involve one or more of the pathways as
presented in Figure 4. Pathway 1 and 2 both involve electrophilic aromatic substitution by
chlorine forming 3-chloro-4-hydroxybenzoic acid (1). This could undergo further substitution
forming 3,5,-dichloro-4-hydroxybenzoic acid (2) and eventual oxidative decarboxylation to 2,4,6trichlorophenol (5) according to pathway 1. Pathway 2 however involves direct oxidative
decarboxylation of 3-chloro-4-hydroxybenzoic acid (1) forming 2,4-dichlorophenol (4) and
substitution to form 2,4,6-trichlorophenol (5). The third independent pathway involves formation
of 4-chlorophenol (3), with successive chlorine substitution reactions forming 2,4-dichlorophenol
(4) and 2,4,6-trichlorophenol (5). The more reduced form p-hydroxybenzaldehyde is also
expected to undergo a similar chlorination pattern, possibly through some initial oxidation to phydroxybenzoic acid was this clarified by LC/MS measurements (data not shown).

64

Figure 3.4 Proposed mechanism for 2,6-DCBQ formation from chlorination of pHBAc

The possibility of p-substituted chlorophenols forming DCBQ without a 2,4,6-trichlorophenol
intermediate has been presented by Kosaka & colleagues (2017). However, all 12 compounds in
this study that formed substantial amounts of DCBQ, also formed 2,4,6-trichlorophenol (5) which
was confirmed via LC/MS/MS analysis (Appendix C, Figure S2). Phenol, chlorophenols and p-
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hydroxyacetophenone did not result in as high a peak response for 3,5-dichloro-4hydroxybenzoic acid as did the other that formed DCBQ suggestive of mechanisms other than
pathway 1 being responsible (Appendix C, Figure S2). The mechanism of pHBAc and pHBAl
chlorination involving 3,5-dichloro-4-hydroxybenzoic acid (2) has been confirmed in a more
recent study on chlorination of SRHA (Jiang et al., 2020). Further attack by free chlorine on
DCBQ can result in formation of the more aliphatic chlorinated DBPs as shown in Figure 3.4 and
this is based on many prior propositions of ultimate C-C cleavage (Chuang et al., 2015; Jiang et
al., 2020; Nihemaiti et al., 2017; Pan and Zhang, 2013; Zhai and Zhang, 2011).
Having noted high levels of DCBQ formed upon chlorination of p-hydroxy phenol, the
following work exploring impact of preoxidants and free chlorine contact time were conducted
only on pHBAc and pHBAl. Parallel experiments were conducted using raw water to test if
comparative trends were observed.

3.3.3 DCBQ Formation during chlorination and comparison to other regulated DBPs.
DCBQ formation was not significant for raw water chloramination experiments which
disagrees with a previous study where an increase in DCBQ concentrations during oxidation with
monochloramine was suggested (Heasley et al., 2004).
Figure 3.5 shows the DCBQ trends over different free chlorine contact times as
concentration in raw water and as molar yield for the model compound study. In all three cases,
the common observation was that the concentrations or yield were of the order of trichloroacetic
acid (TCAA)>CHCl3>DCAA>DCBQ. All the regulated DBPs either remained stable (in raw
water) or increased over time (in the model compound study). On the contrary, DCBQ showed a
gradual decline across the same free chlorine contact. Such patterns are expected based on the
known pH-driven hydrolysis and the more recently discovered reactions with free chlorine
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(Kosaka et al., 2017; Mohan and Reckhow, 2021; Zhao et al., 2012). The DCBQ yield presented
in Figure 3.5B compares well with yield reported from the same model compound in the Kosaka
study (2017).
For comparison, the regulated DBP yield after a 48-h free chlorine contact as obtained
for pHBAc and pHBAl in another study are also presented in Figures 3.5B & 3.5C (Hua et al.,
2014). For DCAA and CHCl3 the data from this study were similar to this study at 12 hour free
chlorine contact. For TCAA however, the 48 h yields were about five times greater as compared
to the 12 hour yields from this study. Some of the differences between this study and Hua’s can
be attributed to the differences in laboratory chlorination conditions ([free chlorine] o= 20 mg/L,
[model compound]o = 24 uM, free chlorine contact = 48 h).

Figure 3.5 Experimental Conditions: [p-hydroxyphenols] = 5 µM; free chlorine dose = 5 mg/L;
pH = 7 ([phosphate buffer] = 10 mM), T=20 °C. Free chlorine dose for raw water experiments
was ~ 18 mg/L Cl2. Hua et al., 2014. pH = 7, Cl2 dose = 20 mg/L, [model compd.]o = 24 µM (2
mg-C/L). DCBQ data in (B) at 1 h free chlorine contact is from Kosaka et al., 2017: pH= 7, free
chlorine dose based on 1 mg/L residual at 1 h , contact time = 1 h, pHBAc = 7 µM (1 mg/L).
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3.3.4 Impact of preoxidation on raw water NOM
A more detailed characteristic interpretation of NOM is described in Appendix C
(Section S4).
Preoxidation impacts on UV254, SUVA254 and DOC are presented in Figures S5. The
overall organic removal based on UV254 and SUVA254 which represent aromatics and unsaturated
double bonds increased with increase in oxidant dose for both O3 and ClO2. Similar performance
was noted with both O3 and ClO2 when comparisons were made in terms of near-equivalent
doses; this is different from other studies that concluded O3 was a superior oxidant compared to
ClO2 for UV254 removal considering its capacity to easily cleave representative NOM fractions
(Wenk et al., 2013). No DOC removal was observed which is indicative of the bulk NOM
insusceptible to complete oxidation at the doses used in this study (15-83 μM) (Appendix C,
Figure S5-C). This is in conflict with data for UV254 and SUVA254, and most likely signifies
occurrence of a Creigee mechanism with conversion of a significant portion of the hydrophobic
NOM fraction into hydrophilic, lower molecular weight and electron withdrawing fractions. This
effect has been noted in some prior studies (Can and Gurol, 2003; Lee et al., 2009; Stylianou et
al., 2018). Therefore, Figure S6 (Appendix C) compiles impacts on individual EEM components
and bulk fluorescence for a deeper understanding. For instance, total fluorescence (TF), a more
sensitive measurement than UV254, provides the integrated volume beneath an EEM curve was
better removed by O3 than ClO2 (Appendix C, Figure S6-B). The TF values significantly
correlated with UV254 and SUVA254 values and indicate some fractions that are not well captured
by absorbance measurements (Appendix C, Figure S7). O3 out-performed ClO2 with regard to
removal of three of the four resolved EEM constituents indicating LMW and HMW humics and
fulvics (Appendix C, Figure S6-A). The removal efficacy improved with increases in doses. At a
30 μM ClO2 dose, about 50% abatement of components resembling protein-type molecules was
observed (this was higher than O3 at a similar dose), beyond which it negatively impacted
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removal. Removal of protein-like substances improved for ozonation at higher molar doses. In
some previous studies, both ClO2 and O3 were found to be effective oxidants for tyrosine (a substructure of protein) via quinone and dopachrome formation (Gan et al., 2020; Michael
J. Napolitano et al., 2005; Verweij et al., 1982). Some typical EEM indices were also monitored
across the treatment cases, but did not change considerably; such an observation is similar to
DOC trends (See Appendix C, Section S5 & Figure S8).

3.3.5 Impact of ClO2 on DCBQ Formation.
The trends exhibited by SUVA254 values for the raw water and model compound
remaining at different ClO2 doses are presented in Figure 3.6 (see y-axis to the right). Decreasing
trends were observed in both cases with increase in ClO2 dose. At the highest ClO2 dose (~15
μM), complete removal of pHBAc and ~72 % removal of pHBAl were observed (Figures 3.6B &
3.6C). Aligning with this, no DCBQ formation was observed at this dose for pHBAc. On the
contrary, at the highest ClO2 dose employed for the raw water experiment (~60 μM) only ~48 %
decrease in SUVA254 was observed. The general susceptibility to removal was of the order
pHBAc>pHBAl>SUVA254, most probably due to the raw water matrix interference and the
resulting excess ClO2 demand as compared to the pure model compound solutions.
Overall, the DCBQ formation decreased with increase in ClO2 dose for a specific free
chlorine contact time. The difference between DCBQ concentrations between the lower doses of
ClO2 and higher doses was more pronounced at the shorter free chlorine contact (~2 h) than the
longest (i.e., 12 h) and this trend was observed in both the raw water and model compound study.
As noted in a prior section the decline in DCBQ concentration at higher free chlorine contact
times as compared to the short contact times are a result of DCBQ chlorination reactions already
described (Mohan and Reckhow, 2021). Some spikes in DCBQ concentrations were noticed for

69

pHBAl (Figure 3.6C) especially for the low ClO2 dose suggesting some initial creation of more
reactive sites that easily form DCBQ.

Figure 3.6 Reaction conditions: [p-hydroxyphenol]o = 5 µM. Initial free chlorine dose ~5 mg/L.
All experiments were conducted at pH~7 ([phosphate buffer] = 10 mM), 20 °C shielded from
light. A molar excess of arsenite for quenching free chlorine followed by 0.25 % v/v formic acid
to prevent DCBQ hydrolysis were used across samples. Error bars represent standard deviations
of duplicate analyses. Solid diamond data point was estimated from yields presented in Kosaka et
al. (2017) based on 1 h free chlorine contact time and [pHBAc]o ~ 7.2 µM. 0 ~ 7.2 µM.

3.3.6 Impact of ozonation on DCBQ Formation.
Figure 3.7 depicts the impact of ozonation on raw water SUVA254 and the two model
compound concentrations (see y-axis to the right). Both SUVA254 of raw water (Figure 3.7A) and
the model compound concentrations (Figure 3.7B & 3.7C) decreased with increase in ozone
doses. At the highest molar ozone dosing (~80 μM) used in the raw water experiments, a ~52 %
decrease in SUVA254 was noted and this was slightly better than the impact at the highest ClO2
dose (60 μM). Very little difference was observed between the percent destruction of pHBAc and
pHBAl at any specific ozone dose employed. Parallel to the data obtained from ClO2 preoxidation
experiments, the lowest impact on precursor removal was during ozonation of the raw water
matrix (see decreasing SUVA254 values in Figure 3.7A). Such seemingly deterred impact might
be resulting from the ozone demand exerted by the background matrix constituents. Some
decrease in subsequent DCBQ formation was observed with increasing ozone doses. The initial
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spikes in DCBQ measurements at the low ozone dose upon chlorination of both model
compounds suggest some initial oxidation of these compounds to reactive intermediates more
amenable to chlorine substitution and therefore DCBQ formation. A near-complete destruction of
pHBAl occurred at the highest ozone dose. Based on a previous study of DCBQ formation from
phenol, ozonation is expected to induce some changes in the DCBQ formation mechanism during
subsequent chlorination as compared to direct chlorination reactions of precursor molecules
(Zhao et al., 2012). These effects were however not explored in this study.

Figure 3.7 Reaction conditions: [p-hydroxyphenol]o = 5 µM. Initial free chlorine dose ~5 mg/L.
All experiments were conducted at pH~7 ([phosphate buffer] = 10 mM), 20 °C shielded from
light. 0.25 % v/v formic acid was used across samples to prevent DCBQ hydrolysis and a molar
excess of arsenite for quenching free chlorine. Error bars represent standard deviations of
duplicate analyses. Solid diamond data point was estimated from yields presented in Kosaka et
al. (2017) based on 1 h free chlorine contact time and [pHBAc]o ~ 7.2 µM.

3.3.7 Comparison between ClO2 and O3 regarding overall DBP formation.
Figure 3.8 provides a comparison of DBP formation at initial molar doses 15-21 μM (~1
mg/L of O3 or ClO2) which is typical of many drinking water treatment plants using these
preoxidants. At these doses the free chlorine demand slightly decreased as compared to the
chlorination scenario (data not shown). Note from Figures 3.6A and 3.7A that the percent
decrease in SUVA254 for the raw water was ~24 % for both O3 and ClO2. Upon increasing these
doses four times, twice as much removal of SUVA254 was observed.. For the raw water (Figure
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3.8A) DCBQ along with CHCl3, DCAA and TCAA only accounted for ~1.25 % of the organic
carbon content. Both O3 and ClO2 decreased TCAA levels slightly at this dose while CHCl3 and
DCAA remained relatively unchanged. When comparisons were made at similar molar doses, O3
performed better at lowering DCBQ levels despite the SUVA254 values being around 4 Lmg-1cm-1
for both cases.
For the model compound study, near-complete removal of pHBAc and pHBAl were
observed at these doses of ClO2 and O3 respectively. The DCBQ molar yields were minor (~0.04
%) to none for these cases. O3 at similar doses was superior to ClO2 in eliminating pHBAl and
subsequent oxidation by-products susceptible to DCBQ formation. On the other hand, O3
removed ~76 % of pHBAc and some DCBQ yield at 0.1 % was detected. ClO2 removed 72 % of
pHBAl and about 0.14% DCBQ was formed. Figure S9 (Appendix C) summarizes the extra
DCBQ precursors calculated by estimating the expected DCBQ for each ozone dose based only
on the measured p-hydroxyphenols and subtracting this from the measured DCBQ. Figure S10
(Appendix C) presents the decreasing response from the intermediates 2,4,6-trichlorophenol and
3,5-dichloro-4-hydroxybenzoic across the different preoxidant doses for the model compound
experiments which was similar to the DCBQ trends noticed in Figures 3.6 & 3.7.

Figure 3.8 Data represent DBPs after a 2 h free chlorine contact following preoxidation at ~1
mg/L for O3 or ClO2 (15-21 µM dosing range). Free chlorine dose for raw water experiment in
Figure (A) was ~ 18 mg/L Cl2. For (B) and (C) reaction conditions: [p-hydroxyphenol]o = 5 µM.
Initial free chlorine dose ~5 mg/L. All experiments were conducted at pH~7 ([phosphate buffer]
= 10 mM), 20 °C shielded from light. A molar excess of arsenite for quenching free chlorine
followed by 0.25 % v/v formic acid to prevent DCBQ hydrolysis was used across samples.
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The overall DBP formation increased with O3 for both pHBAc and pHBAl as compared
to direct chlorination. In both cases, the major contribution to this increase was from CHCl 3 and
TCAA. Such increases in concentrations of these DBPs have also been noted in another study
especially in waters with low humic content (Hua and Reckhow, 2007). ClO2 eliminated CHCl3
formation from pHBAc and this was true for DCAA from pHBAl as well. The trends noticed for
DCBQ removal in the model compound solutions do not align with raw water DCBQ data and
this was also true for the regulated species monitored. More detailed figures representing
regulated DBP formation are presented in Figures S11-S14.
With some exception, studies have ascertained that ClO2 pretreatment of source waters is
beneficial for decreasing free chlorine demand and therefore the formation of THM and HAAs
(especially trihaloacetic acid) among many other DBPs and the bulk TOX (Gallard and Von
Gunten, 2002; Hua and Reckhow, 2007; Singer, 1994; Werdehoff and Singer, 1987; Yang et al.,
2013). Mixed reports have been presented regarding ozonation impacts on these DBPs as well
(Doré et al., 2008; Glaze et al., 1982; Hoigné and Bader, 1976; Miltner et al., 1992; Reckhow and
Singer, 1985, 1984; Robertson and Oda, 2008). However, the majority of the studies have
observed a general decline in chlorinated THM, HAA and TOX levels (Jacangelo et al., 1989;
Krasner et al., 1989), with shifts in speciation and formation of mixed halogen species depending
on bromide and iodide levels (Bichsel and Von Gunten, 2000; Hua et al., 2014).
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CHAPTER 4
CONCLUSIONS
The widespread practice of maintaining a chlorine residual in public drinking water
results in the formation of DBPs including DCBQ, and for many of them some degree of
simultaneous degradation. The net DCBQ concentration at any point in a drinking water
distribution system is the result of a balance of the two reactions (formation vs degradation).
Results from this study indicate decay by an alkaline hydrolysis having first order dependence on
both DCBQ and [OH-]. Degradation rates increase with increasing temperature in accordance
with the Arrhenius equation. These results may have important ramifications for (1) DCBQ
storage conditions, (2) predicting seasonal DCBQ variations and, (3) possible water heater
impacts. For utilities that maintain high pH in distributed water for corrosion control, DCBQ can
rapidly hydrolyze. Formation of OH-DCBQ, a known degradation product, is expected under
conditions where there is absence of FAC residual. In the presence of FAC, DCBQ loss is
accelerated as compared to chloramination or the pure hydrolysis pathway. Both Cl2O and FAC
were determined to contribute significantly to DCBQ decay. Among the chlorinating reagents, the
relative importance of Cl2O versus FAC is expected to increase with increasing FAC residual,
such that they are approximately equal in contribution (kCl2O[Cl2O] ~ kFAC[FAC]) under
conditions typical to drinking water systems (pH ~7 and ~1 mg/L FAC residual). Under the
conditions tested, diatomic chlorine (Cl2) was not a significant reactant in the degradation of
DCBQ. However, the equilibrium relationship between of Cl- and Cl2 warrants careful evaluation
of Cl- impacts at pHs < 7 which were not explored in this study.
Our prior study provided evidence of rapid DCBQ degradation rates with FAC which
called into question some of the high concentrations of DCBQ reported in utilities employing
FAC. In this follow-up study, the rapid decomposition of DCBQ was confirmed under conditions
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typical of distribution systems. Subsequent tests revealed unexpectedly high DCBQ
concentrations in the presence of formic acid, a familiar HBQ preservation reagent. Further
testing confirmed that formic acid does not adequately reduce residual chlorine. In a matrix
containing no DCBQ precursors, formic acid can protect DCBQ from both hydrolysis and
degradation by FAC. However, in the presence of precursor molecules and free chlorine, there is
a very large acid-catalyzed DCBQ formation, which occurred in both natural waters and solutions
of model precursors. Such an effect does not occur with preformed monochloramine. This raises
doubts about the accuracy of many DCBQ occurrence studies in systems with a free chlorine
residual. These observations reconcile the reported high DCBQ occurrence in free chlorine
systems despite rapid loss of DCBQ due to reaction with free chorine.
Analytical artifacts of this nature are not uncommon in DBP studies, and some can be
resolved by employing appropriate quenching reagents. A series of tests were conducted
examining both DCBQ stability and formation in the presence of conventional FAC reducing
agents and, the use of arsenite or glycine followed by formic acid is recommended for future
studies. This approach ensures immediate quenching in a manner that also minimizes hydrolysis.
Although the impacts of glycine or arsenite addition are expected to be minor when
monochloramine is used, the same recommendations for reducing agents apply. The observations
and suggestions provided in this study pertain to DCBQ analysis only and need careful scrutiny
before extrapolation to other HBQs or OH-HBQ’s.
DCBQ and several halophenols leading to DCBQ formation are considered intermediates
for THMs and HAAs. More recently studies have proposed HBQs as potential precursors to
haloacetamides and haloacetaldehydes as well (Chuang et al., 2015b). Therefore, eliminating
DCBQ precursors can potentially also decrease formation of some if not all regulated DBPs. A
precursor screening study involving laboratory DCBQFP experiments on many NOM model
compounds revealed that activating groups (-OH) with vacant ortho/para positions are plausible
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structural features enabling DCBQ formation. Among the compounds examined, the phydroxyphenol group produced the highest molar DCBQ yield up to ~0.4 %. Little to no DCBQ
was produced by structures containing excessive activation or alkoxy substitutions. Keeping in
mind these conclusions, parallel O3 and ClO2 preoxidation experiments were conducted on two phydroxyphenols and a high DOC raw water for treatment comparison and their viability for
removal of DCBQ precursors was demonstrated. Using similar preoxidant doses in the high DOC
raw water as the model compound solutions did not result in substantial DCBQ precursor
removals. This is most likely a consequence of the complex high DOC raw water matrix.
Therefore, raw waters with high humic levels would require the use of preoxidant doses higher
than typically employed at utilities (4 mg/L and above) for efficient DCBQ precursor removal.
The results from this study carry implications for DCBQ exposures in the short water age
locations. At longer water ages, the residual free chlorine in conjunction with pH effects are
expected to eliminate any chance of exposures higher than at short water age locations. The
resulting degradation products are not completely understood, nevertheless, based on the limited
available information it seems likely that toxic impacts will only decrease during such reactions.
In typical distribution system samples, DCBQ is expected to be a very small fraction of TOX and
about 1000 times lower (ppt levels) than the levels at which regulated DBPs are usually detected
(ppb). By parallel assessment of select regulated DBPs along with DCBQ this study provides
some input to curtail short-term DCBQ exposure and examines trade-offs during treatment
optimization.
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Section S1. Analytical method.
Analyte: 2,6-dichloro-1,4-benzoquinone (2,6-DCBQ, 98 % purity, CAS# 697-91-6)
Separation was performed using an Acquity BEH C18 column (50 X 2.1 mm,1.7 μm) on an ultraperformance liquid chromatography (Acquity UPLC I-class plus, Waters Corp., Milford, MA)
combined with high-sensitivity mass spectrometry (Xevo TQ-XS, Waters Corp.). The mobile
phase used were acidified (0.25 % FA) water (A) and methanol (B) set at a constant flow rate of
0.26 mL/min. The gradient program was 80 % A, linearly dropped to 10 % at 5.67 min, held at 10
% up to 10 min, increased back to 80 % at 13 min and held for 3 minutes, resulting in a total run
time of 16 min. DCBQ eluted around 2.8 min with column temperature set at 25 °C.
Multiple reaction monitoring (MRM) was performed under negative electrospray ionization
conditions (ESI-) with the following set conditions:
Quantitation: 176.98>113.26
Confirmation: 176.98>140.9
Cone: 20 V; Collision: 24 eV
Dwell time: 0.15 s
Desolvation Temp : 300 °C; Desolvation flow: 700 L/h
Cone gas flow: 150 L/h
Source temperature: 120 °C
In experiments where hydroxylated product (OH-DCBQ) was monitored, an ultra-performance
liquid chromatography (UPLC) time of flight mass spectrometer (Q-ToF MS) (Acquity UPLC
with a Xevo G2-XS Q-Tof MS, Waters Corp.) was used. ToF-MS scans were performed over the
range 100-500 Da, under ESI- sensitivity mode, with dynamic range set at normal.
Capillary: 2 kV; Desolvation flow: 800 L/hr; Collision energy: 6 eV
The mobile phase used were acidified (0.25 % FA) water (A) and methanol (B) set at a constant
flow rate of 0.26 mL/min. The gradient program was 80 % A, linearly dropped to 10 % at 5.67
min, increased back to 80 % at 7.08 min and held for 5 minutes, resulting in a total run time of 12
min. OH-DCBQ eluted around 1.6 min with column temperature set at 25 °C.
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Fig. S1. Impact of methanol in DCBQ spiking solution on
hydrolysis rates. Reaction conditions: [DCBQ] o = 2.301 (± 0.802) µM,
pH = 8.28 ± 0.02 . ([phosphate buffer] = 0.01 M), T = 10 ± 2 °C.
SE represents standard errors of regressions.
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Fig. S2. Log-Log plots of averaged DCBQ hydrolysis rate as a
function of averaged DCBQ concentration [DCBQ]avg at pH
7.8 (± 0.023) ([phosphate buffer] = 0.01 M. Uncertainities in equations
represent 95 % confidence intervals. Rates were determined
as change in [DCBQ] values over ~80 min (no NaCl or NaNO3
amendment) at ambient temperature conditions. [DCBO]o
was varied from 2.79 X 10-7 M to 4.73 X 10-6 M.
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Fig. S3. Impact of various phosphate buffer concentrations
on DCBQ hydrolysis rates. All experiments were conducted
at pHs 7.66 ± 0.011 with [DCBQ]o = 1.57 ± 0.17 µM in the
absence of light at 10 ± 2 °C.
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Fig. S4. Example time course of DCBQ degradation at pH 9. Example degradation time course
of DCBQ due to hydrolysis and subsequent OH-DCBQ formation.
Reaction conditions: [DCBQ]o = 5.11 ± 0.19 µM, pH 9 ([borate buffer] = 0.01 M, T = 20 °C.
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Fig. S5. DCBQ response during DPD colorimetric analysis for FAC.
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Fig. S6. Example natural-log plots of DCBQ degradation in the
presence of free available chlorine.
Reaction conditions: [DCBQ]o = 2.42 ± 0.77 µM, [phosphate buffer] = 0.01 M.
Experiments were conducted at ambient temperature (22 °C).
Measured pHs by the end of the test period varied by less than 0.05 units.
by less than 0.05 units.
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Fig. S7. Average rate of DCBQ chlorination as a
function of average DCBQ concentration [DCBQ]avg at pH 7 ± 0.02
([phosphate buffer] = 0.01 M) (no NaCl or NaNO3 amendment).
Uncertainities in equations represent 95 % confidence intervals.
Rates were determined as change in [DCBQ] values over ~900 s at
ambient temperature conditions. [DCBO]o was varied from
0.7 X 10-6 M to 5.3 X 10-6 M. [FAC] dose = 14 µM (~1 mg/L).
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Fig. S8. Validation of stoichiometric relationship of [DCBQ] and [FAC].
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Fig. S9. Influence of ionic strength and chloride on DCBQ
reaction with free chlorine.
Pseudo-first order rate constants (kobs) as a function of added
[NO3- ] are presented in solid circles and added [Cl - ] presented
in solid triangles. For cases with varied [Cl - ], [NaNO3] amendment
was performed such that [Cl - ] + [NO3- ] = 100 mM (i.e., ionic strength).
Reaction conditions: [DCBQ]o = 2.75 ± 0.29 µM, pH = 7 ± 0.04 ([phosphate
buffer] = 0.01 M), [FAC]o = 14 µM ( ~1 mg/L), ambient temperature.
Error bars indicate standard deviations of replicate experiments (n = 2).
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Fig. S10. Measured chloride concentration in NaOCl stock solution.
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Note: Expected [Cl -]/[FAC] ratio is 1.3 (± 0.01) (Lau et al., 2016)
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Log-log plot of DCBQ degradation rate versus bi-molecular chlorine.
Reaction conditions: [DCBQ]o = 2.58 ± 0.25 µM, pH = 7 ± 0.04 ([phosphate
buffer] = 0.01 M), [FAC]o = 14 µM ( ~1 mg/L), ambient temperature.
[NaNO3]3 amendment was performed such that [Cl - ] + [NO3- ] = 100 mM
(i.e., ionic strength). [Cl 2] was calculated using log kCl2 = 2.6. Error bars
represent standard deviations of replicate experiments (n = 2).
All experiments were conducted at ambient temperature.

Lau, S.S., Abraham, S.M., Roberts, A.L., 2016. Chlorination revisited: Does Cl−serve as a
catalyst in the chlorination of phenols? Environ. Sci. Technol.
https://doi.org/10.1021/acs.est.6b03539

84

APPENDIX B. CHAPTER 2 SUPPORTING INFORMATION
List of Figures
Figure S1. DCBQ Formation and loss in waters with organic precursors ..................................... 86
Figure S2. Dubious cumulative DCBQ yields in formic acid experiments based on known
chlorination rates............................................................................................................................ 87
Figure S3. Mass spectra demonstrating formation of sulfite adducts of DCBQ ............................ 88
Figure S4. Comparison of measured and predicted DCBQ formation in raw water experiments for
the different quenching scenarios .................................................................................................. 91

List of Tables
Table S1. Impact of formic acid on chlorophenols (with and without FAC) ................................ 89
Table S2. pHs imparted by different acids and their corresponding pKa’s .................................. 89
Table S3. Impact of various reducing agents and acid combinations on DCBQ peak response
from chlorination of pHBAc .......................................................................................................... 90

85

Figure S1. DCBQ Formation and loss in waters with organic precursors.
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All experiments were conducted at pH 7 ([phosphate buffer] = 10 mM) and at 20 °C.
A) [pHBAc]o = [pHBAl]o = 5 uM, FAC dose = 5 mg-Cl2/L.
B) Raw water characteristics: DOC = 7.5 mg/L, UV254 = 0.4 cm-1, SUVA254 = 5.2 Lmg-1cm-1, initial FAC dose ~ 22 mg/L Cl2 (based on
target residual of 1-2 mg/L between 76-97 h).
SE-DS samples were collected across the DS from a utility maintaining FAC residual. In all cases 0.25 % formic acid was used to
preserve DCBQ as suggested in a prior study (Zhao et al., 2012).
Corresponding free chlorine residuals are presented on the main manuscript (Figures 2B & 3B).
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Figure S2. Dubious cumulative DCBQ yields in FP experiments based on known DCBQ chlorination rates.
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FP experiments were conducted at pH 7 ([phosphate buffer]=10 mM) and at 20 °C shielded from light.
Raw water characteristics: DOC=7.5 mg/L, UV 254=0.4 cm-1, SUVA254=5.2 Lmg-1cm-1. Initial FAC dose ~ 22 mg/L.
Reaction conditions for model compound study: [p-hydroxyphenols] o = 5 µM, initial FAC dose = 5 mg/L Cl 2.
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Figure S3. Mass spectra demonstrating formation of sulfite adducts of DCBQ.

Note: These mass spectra are not lock-mass corrected. This is only presented as evidence of
adduct formation that can be observed using overall mass differences.

88

Table S1. Impact of formic acid on chlorophenols (with and without FAC).
Sample type
FAC + formic acid
Chlorophenol Mix
Chlorophenol mix + formic acid

DCBQ Peak Response
0
0
0

Chlorophenol mix + FAC (formic acid)

207964

Chlorophenol mix + FAC (Glycine + formic acid)
Chlorophenol mix + FAC (Glycine then add formic acid)

4122
2831

Note: Chlorophenol mix consisted of 5 uM each of 2,4,6-trichlorophenol, 4-chlorophenol and 2dichlorophenol; pH~7 ([phosphate buffer] = 10 mM); FAC dose = 5 mg-Cl2/L, FAC contact time
= 10 min.

Table S2. pHs imparted by different acids and their corresponding pKas.
Acid

pH measured

pKa*

0.1 % formic acid

3.3

3.75

0.25 % formic acid

2.89

HCl

1.67

-3

CH3COOH

3.61

4.75

*Ionic strength = 0, 20 °C, Smith & Martell (1989)
HCl-hydrochloric acid
CH3COOH-acetic acid
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Table S3. Impact of various reducing agents and acid combinations on DCBQ peak
response from chlorination of pHBAc.
Peak response

Quenchers
0.1 % formic acid
0.25 % formic acid
HCl
CH3COOH
0.1 % formic acid+glycine
0.1 % formic acid+arsenite
0.25 % formic acid+glycine
0.25 % formic acid+arsenite
HCl+glycine
HCl+arsenite
CH3COOH+glycine
CH3COOH+arsenite
HCl-hydrochloric acid
CH3COOH-acetic acid

Re-analysis
1st analysis, 5 min after 2.5 h
14345.7
86455.7
20576.4
82055.4
99094.2
99328.5
35012.9
88215
1616.9
2873.8
1265.4
2603.6
1682.3
2253.7
1282.3
2553.4
2124.3
2859.9
888.2
1677.7
1613.7
2014.7
1277.9
2025.8
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Figure S4. Comparison of measured and predicted DCBQ formation in raw water experiments for the different quenching scenarios.
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DCBQ concentrations (ng/L) are presented on the left y-axis. DCBQ carbon is presented as a percentage of measured raw water DOC (~7.5 mg/L)
onthe y-axis to the right. For these raw water experiments initial FAC dose was ~22 mg/L Cl2, based on a target FAC residual of 1-2 mg/L between
76-97 h.
All experiments were conducted at pH~7 ([phosphate buffer] = 10 mM), 20 °C shielded from light. Glycine and arsenite were applied in molar
excess (x 5-7) of FAC. 0.25 % v/v formic acid was used across all observed DCBQ measurements. Raw water characteristics: DOC=7.5 mg/L,
UV254=0.4 cm-1, SUVA254=5.2 Lmg-1cm-1.
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Section S1. Some chemicals used in this study
Lignin stock solutions (~1 mg/mL) were prepared in methanol (LCMS grade) obtained from
Fisher Scientific. In all cases, spiked methanol content did not exceed 0.13 % on a volume basis.
2,6-DCBQ (98 % purity) was purchased from Sigma Aldrich. A concentrated 1M phosphate
buffer was prepared for use in FP experiments from sodium phosphate monobasic, monohydrate
and sodium hydroxide solution (50 % w/w) both purchased from Fisher Scientific. pH
adjustments were made as required using solutions of sulfuric acid (H2SO4) or sodium hydroxide
(NaOH), again acquired from Fisher Scientific. Formic acid (LCMS grade) and sodium arsenite
were obtained from Fisher Scientific and so were the solution of sodium hypochlorite (NaOCl,
5.65-6 %) and solid ammonium chloride for the chlor(am)ination experiments. Sodium chlorite
(NaClO2, 80 % pure) used in the generation of a chlorine dioxide (ClO2) stock solution was
purchased from Acros Organics.
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Section S2. LCMS monitoring of DCBQ, p-hydroxyphenols and early chlorination products
Analytical separations were performed on an Acquity BEH C18 column (50 X 2.1 mm,1.7 μm)
installed on an ultra-performance liquid chromatography equipment (Acquity UPLC I-class plus,
Waters Corp., Milford, MA). Detection was performed using a high-sensitivity mass spectrometer
(Xevo TQ-XS, Waters Corp.) under negative electrospray ionization conditions and multiple
reaction monitoring (MRM) mode. A gradient program at 0.26 mL/min flow rate with 25 °C
column temperature was employed for separation using two mobile phases namely water (A) and
methanol (B) both acidified with 0.25 % v/v LCMS grade formic acid. Initial equilibration was
80 % A, which linearly dropped to 10 % at 5.67 min, held at 10 % up to 10 min, increased to 80
% at 13 min and held for 3 minutes (16 min total run time).
Desolvation Temp : 300 °C; Desolvation flow: 700 L/h
Cone gas flow: 150 L/h; Source temperature: 120 °C
Compound
pHBAc
pHBAl
2,6-DCBQ
3,5-dichloro-4hydroxybenzoic acid
2,4,6-trichlorophenol

Transition
monitored
136.99>93.03

Cone
(V)
25

Collision
(eV)
15

Retention
Time (min)
1.94

121>91.8
176.98>113.26
176.98>140.9
204.85>160.9

25
20

20
24

1.71
2.56

20

17

3.53

194.96>96.91
194.96>123.04
194.96>158.91

20

20

5.41
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Section S3. Quality control and acquisition conditions for fluorescence excitation emission
(FEEM) signatures
Quality control for FEEM measurements was ensured using protocols and equipment calibration
procedures previously laid out (Hansen et al., 2018). All samples were filtered through 0.45 μM
GF/F prior to FEEM scans. All measurements were carried out in a 4 mL quartz cuvette (1 cm X
1 cm). Excitation validation, Water Raman SNR and Emission Calibration, Raman and Baseline
scans performed prior to analytical runs as required. In order to further validate FEEM
performance and provide a quantitative quality control, a consumer-grade bottled tea (Pure
Leaf®, unsweetened black tea, Purchase, New York) (referred to as SRMTea) was acquired as a
sample based on prior recommendation (Hansen et al., 2018). Acquisition conditions were as
follows: integration time=1s, λex=600-240, λex increment=3nm, λem =1.16 nm (2 pixel), CCD
gain=medium. Sample dilutions were performed to minimize inner filter effects and detector
saturation since UV254> 0.3 A.U for the raw water used in this study. Corrections applied: Blank
subtraction, inner filter effects (IFE), Rayleigh Masking (RM), Normalization to Raman units and
dilution corrections were applied .

To the left-EEM spectra for SRMTea by Hansen and colleagues 2018). To the right-EEM
spectra for SRMTea in our study
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Section S4. Description on NOM characteristics based on analytical data
Such a high SUVA254 value (>4 Lmg-1cm-1) is usually a sign of humic-type NOM, with
predominance of aromatic, hydrophobic and high molecular weight fractions (Edzwald, 1993;
Edzwald et al., 1985; Van Benschoten and Edzwald, 1990). EEM signature of this raw water
exhibited fluorescence at λEM 350-650 nm and λEX 240-425 nm. Based on the different indices
calculated using equations presented in Section S5, this NOM was characteristic of terrestrial
sources (FI<1.4) with minimal autotrophic production (i.e., autochthonous NOM) (BIX<1).
Application of PARAFAC to EEM data resulted in components representing low molecular
weight humics, high molecular weight humic-fulvic fractions and proteins. Three of the four
components identified corresponded to some form of humic substance suggesting agreement
with SUVA254 values.
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Section S5. Equations for indices used in NOM evaluation.
(Hansen et al., 2018; Heinz and Zak, 2018; Hoffmeister et al., 2020; Lavonen et al., 2015;
Ndiweni et al., 2019; Ohno et al., 2007)
1)Fluorescence index (FI) : Allows interpret source and extent of aromaticity. High FI (>1.9)
corresponds to microbially-derived, low value (<1.4) is terrestrial.

𝐹𝐼 =

𝑋370,470
𝑋370,520

2)Biological index (BIX) : Measurement of biological NOM production; >1 indicates recently
produced autochthonous NOM.

B𝐼𝑋 =

𝑋310,380
𝑋310,430

3) Humification index (HIX) : indicates the complexity and extent of aromaticity, higher the HI
greater the humification in NOM

𝐻𝐼𝑋 =

∑480
𝐸𝑚=435 𝑋254,𝑒𝑚
345
∑𝐸𝑚=300 𝑋254,𝑒𝑚 + ∑480
𝐸𝑚=435 𝑋254,𝑒𝑚

4)Freshness index: age of NOM, higher value corresponds to freshly produced NOM

𝛽
𝑋310,380
=
𝛼
𝑀𝑎𝑥(𝑋310,420 − 𝑋310,435 )
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Section S6. Details regarding PARAFAC analysis
Model created using Solo software (Eigenvector Inc.) based on procedures described on the
Horiba Aqualog operation manual. Multiple iterations performed to arrive at a satisfying solution.
Based on an initial principal component analysis (PCA) and the resultant cumulative variance a 3component parallel actor analysis (PARAFAC) was initiated.
Model criteria:
#Components: 3 | All modes constrained to non-negativity | Emission data below 600 nm
excluded for analysis
Pre-processing:
EEM filtering applied:
•

First order Rayleigh filter 16 nm

•

Second order Rayleigh filter 32 nm

•

Raman Filter (1st and 2nd order) 10 nm

•

Raman Shift 3382 (1/cm; 1st order shift)

•

Replace With: Missing values

Normalization applied:
•

Type: 1Norm (area=1)

While developing the 3-C PARAFAC visual observation suggested that a component at 300 nm
was not captured by this model. A 2-C PARAFAC was applied to the data at low emission
wavelength (<450 nm) which resulted in a new resolved component (C2’). These components
together were able to explain ~99.6 % of the mixture components. The four components resolved
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were identified to have characteristics of humics (C1), aromatic and high molecular weight
humics like (C2), low MW humic-fulvics (C3) and proteins (C2’) based on the Openfluor
database results (matching score ≥ 0.97) (See Figure S4). Normalized PARAFAC scores were
generated for each resolved component and these scores are understood to be proportional to the
concentration of that component { Fluorescence intensityC1 (F.U.)= Normalized scoreC1 X TFsam ,
where TF=total fluorescence}. These in conjunction with other parameters were used to evaluate
preoxidation impacts.
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Figure S1. Location of source water used in this study

Figure S2. Normalized response for 2,4,6-trichlorophenol and 3,5-dichloro-4hydroxybenzoic acid from DCBQFP experiments
Figure S1. Normalized response for 2,4,6-trichlorophenol and 3,5-dichloro-4-hydroxybenzoic acid from DCBQFP experiments.
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All responses were normalized to the response from pHBAcid. Reaction conditions: [Lignin compound]o = 5 µM,
initial free chlorine dose = 5 mg/L Cl2, free chlorine contact contact time ~ 6 h. All experiments were conducted at pH~7
([phosphate buffer] = 10 mM), 20 °C shielded from light. A molar excess of arsenite for quenching free chlorine and 0.25 % v/v
formic acid to prevent DCBQ hydrolysis were used in these samples.
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Figure S3. EEM signature of the raw water used in this study

Figure S4. Components resolved from the original raw water FEEM using PARAFAC
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Figure S5. Impact of preoxidation on different parameters describing NOM.
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Figure S6. Impact of preoxidation on individual EEM components and total fluorescence (TF)
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Figure S7. Correlation matrix indicating relationships between typical organic parameters
and those derived from FEEM data
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Figure S8. Trends noted in EEM indices during preoxidation
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Figure S9. Calculated extra DCBQ precursors.
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Figure S10. Monitoring intermediates 2,4,6-trichlorophenol and 3,5-dichloro-4-hydroxybenzoic acid during preoxidation.
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Reaction conditions: [p-hydroxyphenol]0 = 5 µM. Initial free chlorine dose ~5 mg/L. All experiments were conducted at pH~7
([phosphate buffer] = 10 mM), 20 °C shielded from light. A molar excess of arsenite for quenching free chlorine was added
to samples followed by 0.25 % v/v formic acid to prevent DCBQ hydrolysis.
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Figure S11. Impact of extended free chlorine contact time and preoxidant doses on DBPs formed in raw water
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Dashed lines represent DBP concentrations after preoxidation with ClO2. Solid lines represent DBP concentrations after preoxidation with O3. Reaction
conditions: Raw water [DOC] = 7.46 mg/L, UV254 = 0.39 cm-1, pH ~ 6.4. Chlorination was conducted at pH~7 ([phosphate buffer] = 10 mM), 20 °C shielded from light.
A molar excess of arsenite for quenching residual free chlorine. Error bars represent standard deviations of duplicate analyses.
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Figure S12. Impact of extended free chlorine contact and preoxidant doses on CHCl3 formation from lignin phenols.
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Reaction conditions: [p-hydroxyphenol]0 = 5 µM. Initial free chlor dose ~5 mg/L. All experiments were conducted at pH~7
([phosphate buffer] = 10 mM), 20 °C shielded from light. A molar excess of arsenite for quenching residual free chlorine.
Error bars represent standard deviations of duplicate analyses.
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Figure S13. Impact of extended free chlorine contact and preoxidant doses on DCAA formation from lignin phenols.
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Reaction conditions: [p-hydroxyphenol]0 = 5 µM. Initial FAC dose ~5 mg/L. All experiments were conducted at pH~7
([phosphate buffer] = 10 mM), 20 °C shielded from light. Error bars represent standard deviations of duplicate analyses.
A molar excess of arsenite for quenching residual free chlorine.
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Figure S14. Impact of extended free chlorine contact and preoxidant doses on TCAA formation from lignin phenols.
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Reaction conditions: [p-hydroxyphenol]0 = 5 µM. Initial FAC dose ~5 mg/L. All experiments were conducted at pH~7
([phosphate buffer] = 10 mM), 20 °C shielded from light. Error bars represent standard deviations of duplicate analyses.
A molar excess of arsenite for quenching residual free chlorine.
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